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Abstract  

Accumulation of DNA damage with age induces a stress response that shifts cellular 

resources from growth towards maintenance. A mouse model with defects in DNA damage 

repair, Ercc1Δ/-, has noticeable growth retardation and multisystemic ageing signs. Skeletal 

muscle wasting, locomotor activity and reduce muscle strength are the most apparent signs 

of accelerated ageing in this model. Using anti myostatin as a strategy in health and disease 

condition offer a unique approach to increase muscle mass or prevent muscle loss. 

However, it might be a conflict with the output of stress response in the aged and progeric 

muscle.  

The hypothesis that we tested here is the maintenance of skeletal muscle growth through 

attenuation of myostatin/activin signalling in progeric Ercc1Δ/- mice could counteract the 

effect of DNA damage and stress response and delay signs of ageing.  

Eight weeks old male mice FVB/C57/Bl6, before the development of progeric features were 

injected intraperitoneally with sActRIIB. Animal weights were measured weekly. Life was 

even terminated at 16 weeks before the onset of premature death or animals leaves until 

the end of life in life span cohort. 

As a result of myostatin (Mstn) antagonism, there was an increase in body mass in Ercc1 Δ/- 

and Ercc1+/+ mice. All muscles were heavier in treated progeric and control mice. Muscle 

mass increase due to increase in CSA of all types of fibres. Antagonism of Mstn attenuates 

the decline in locomotor activity and muscle strength in progeric mice. However, there was 

a reduction in activity and strength in control treated mice. Antagonism of Mstn attenuates 

fibre damage and promotes fibre survival in progeric mice. Supra-normalisation of 

mechanical force transduction apparatus of progeric muscle by sActRIIB. Partial 

normalisation of progeric muscle stem cells by sActRIIB was noted. 

The main findings of this study are the Ercc1Δ/- progeric mouse model shows many features 

of naturally aged mice in term of sarcopenia. These characteristics were attenuated 

through the antagonism of Myostatin/Activin signalling, even with a persistent defect in 

DNA damage repair system. The enhancements were at the level of locomotor activity, 

muscle strength and delayed parameters of neurodegeneration. 
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1.1. Muscle tissue  

Muscular tissue is formed from subunits, myocytes, and their structure and arrangement 

define the muscle type. Diversity of muscle tissue includes, smooth, cardiac and skeletal 

muscle (Clark, 2005) represent one of primary four types of living body tissues together 

with epithelial, connective and nervous tissues. Skeletal and cardiac muscle are 

distinguished from smooth muscle tissue by posses of striation of fibres and named after 

this striation (Pocock et al., 2004). Each type of these three muscles tissue has its unique 

features that fit their function and therefore, location. Cardiac muscle forms the heart, and 

smooth muscle is considered as a lining for hollow organs and blood vessels (Campbell et 

al., 2008). Skeletal muscle named after it attaches to the skeleton and its voluntary 

contraction result in body movement and stability. However, movement is not its only the 

function. Skeletal muscles is considered as an energy reservoir and regulatory organ for 

myokines production. The skeletal muscle will be the focus organ for investigation in this 

project. 

1.1.1 Skeletal muscle  

Skeletal muscles represent 40-50% of the total body mass; therefore, consider the most 

abundant tissue in the human body (Janssen et al., 1985). The skeletal muscles differ in 

size, shape, attachments, and relative proportions of myosin isoform. They can produce 

different movements such as a fine movement of the eye by extraocular muscle and gross 

movement in large muscles such as the thighs quadriceps (Gray et al., 1995). The shape of 

the skeletal muscles is also very variant, the orbicularis oculi are circular, while the Sartorius 

that extends along the thigh length is straight. Skeletal muscle performs a wide range of 

different functions across the body. 

The main functions of skeletal muscle include 1. It maintains posture and body position. 2. 

Their contraction transduced to the skeleton and permits movement through force 

generation. 3. It provides support to the soft tissues, for example, the muscles of the 

abdominal wall and pelvic floor. 4. Guards entrances and exits of the mammalian body 

orifices. 5. Functions as a vital amino acid store and maintains core body temperature 

through heat production, via the critical role played in metabolism (MacIntosh et al., 2006). 
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1.1.2 Skeletal muscle formation  

1.1.2.1 Embryonic origin of Skeletal muscle 

Myogenesis of skeletal muscle is a critical way to understand the restriction of cell fate 

during embryonic, fetal and post-natal development. Skeletal muscle develops in 

sequential but overlapping stages (Pedersen et al., 2000). The origin of body muscles is 

paraxial mesoderm layer, and it arises from segmented structures called somites. 

Primordial muscle precursor cells differentiate after receiving signals from the adjacent 

tissues and become committed in a myogenic fate (Borycki and Emerson, 2000). The somite 

then divides into ventromedial and dorsolateral portions. The ventromedial part forms 

cartilage of the vertebrae and ribs. The muscle progenitor cells differentiate from 

dermomyotome, the dorsolateral portion of the somite that is facing the surface ectoderm. 

The dermomyotome also gives rise to cells of the endothelial, vascular smooth muscles, 

dermal and brown fat lineages. Dermomyotome also gives rise a muscle of diaphragm and 

tongue (Tajbakhsh and Buckingham, 2000, Biressi et al., 2007). The dermomyotome is 

further subdivided into two cell populations, medial and lateral parts that giving rise to the 

epaxial and hypaxial muscles (Pedersen et al., 2000). However, ocular, mandibular and 

superficial facial muscles all originate from unsegmented head of mesoderm and 

prechordal mesoderm (Brand-Saberi and Christ, 2000). 

A population of differentiated muscle cells originating from dermomyotomal progenitor 

responding to signals from adjacent tissues (Tajbakhsh and Buckingham, 2000). Then 

differentiated cells align and fuse to form the mature multinucleated myotubes. However, 

a population of undifferentiated cells remained quiescent, to form a resident stem cell and 

termed as the satellite cells (Seale and Rudnicki, 2000). Differentiation of muscle cells is 

accomplished by the transcriptional activation of muscle-specific genes encoding for 

metabolic enzymes, ion channels, neurotransmitter receptors and contractile proteins 

(Hastings and Emerson, 1982). 

The differentiation of skeletal muscle needs to express myogenic determination factors, 

such as myogenic determination factors Myf5 and Mrf4 (Bajanca et al., 2006). During 

disintegration the epithelial cells in the central part of mature dermomyotome express 

Paired box3 (Pax3) and its paralogue Paired box7 (Pax7) (Manceau et al., 2005). These cells 
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proliferate and do not express myogenic regulatory factors and muscle protein. However, 

as a result of activation of the myogenic determination factor 5 (Myf5) and myogenic 

differentiation (MyoD), they can lead to subsequent differentiation of the skeletal muscle 

(Zammit et al., 2006). Most of the body muscles are derived from highly proliferative 

Pax3+/Pax7+ cells that derived from the central dermomyotome (Relaix et al., 2005, Gros 

et al., 2005, Kassar-Duchossoy et al., 2005). The progenitor cells with Pax3+/ Pax7+ profile 

are able of both proliferation/self-renewal and differentiation along the skeletal muscle 

lineage (Kang and Krauss, 2010). 

 

1.1.2.2 Satellite cells and muscle regeneration 

Earliest electron microscope study described satellite cell as a resident cells located 

beneath the basal lamina of skeletal muscle fibre (Mauro, 1961) and later considered these 

cells as a stem cell for its ability to behave as myoblast (Reznik, 1969). Satellite cells are 

quiescent and have small nuclei compared to adjusting tissue; however, have high nuclear-

to-cytoplasm ratio, and upon injury, they appear as a swell on myofibres surface (Schultz 

and McCormick, 1994). Satellite cells incubated with myofibres extract have more 

myogenic response compared to cells incubated with serum-containing media, suggested 

an essential role myofibre to initiate satellite cells activation response, which gives 

evidence of the vital role of niche environment in regulating satellite cells behaviour 

(Bischoff, 1990). 

A member of the Paired Box family of transcriptional factors Pax3 and Pax7 have an 

essential role in controlling satellite cell behaviour (Bopp et al., 1986, Goulding et al., 1991). 

Pax 3 is essential for myoblast migration (Goulding et al., 1994, Epstein et al., 1996) and 

regulating precursor cells to enter the myogenic lineage via acting upstream of the 

myogenic regulating factor MyoD (Tajbakhsh et al., 1997). Pax7 is essential for its role in 

embryogenesis and postnatal in satellite cells lineage specification, as well as renewal and 

propagation (Seale and Rudnicki, 2000, Oustanina et al., 2004). In response to myogenin, 

Pax7 is downregulated in order to allow muscle cells differentiation to proceed (Olguin et 

al., 2007). 

The process of regeneration in damaged skeletal muscle fibres is reliant on satellite cells 

(Moss and Leblond, 1971). Proliferating satellite cells provide both replace damaged fibres 
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and repopulate its cell pool by self-renewal ability (Collins et al., 2005). Two possible 

scenarios provide a pool of satellite cell, first, a subpopulation of satellite cells progression 

down the myogenic lineage and revert to the quiescent state, or, second, the proliferated 

cells produce two daughters, one for myogenic lineage and others for maintaining stem cell 

pool (Zammit et al., 2004, Kuang et al., 2008). Satellite cells activated following muscle 

injury then most of the activated cells switch on the expression of the myogenic regulating 

factor MyoD, and after that differentiate to repair myofibres damage (Cornelison and 

Wold, 1997, Zammit et al., 2004). 

 

1.1.2.3. Limb muscle formation 

Cells from somites at the levels of forelimbs and hindlimbs undergo an epithelial-to-

mesenchymal transition (Brand-Saberi et al., 1993). These cells migrate to their final 

destination, in the limb, through the action of c-Met (tyrosine kinase receptor) which 

interact with their ligand, Hepatocyte Growth Factor-1 (HGF-1) (Dietrich et al., 1999). C-

met transcription depends on the presence of Paired box3 (Pax3) transcriptional factor 

(Epstein et al., 1996), and the work of Tajbakhsh group (Tajbakhsh et al., 1997) show the 

precise relation between Pax3 and migration of myoblast cells. They found that a Pax3 

mutant mouse has no limb muscle. Also, Schäfer & Braun defined other factors that affect 

migration using mutant mice for Lbx1, and the result was the progenitor cells delaminate 

from somite but do not migrate to the limb (Schäfer and Braun, 1999). 

Expression of MyoD and Myogenic determination factors (Myf5) in the cells that migrate 

from somite is activated when they reach the final destination in the limbs (Tajbakhsh and 

Buckingham, 1994). These two genes play a critical role in cell cycle regulation. Thus it is 

essential in cell proliferation and the maintenance of this either by Pax3 directly or by c-

met activation (Buckingham et al., 2003). Houzelstein et al. (Houzelstein et al., 1999) 

suggest that Msh homeobox 1(Msx1) a homeobox protein, plays a role in proliferation; it 

keeps the myoblast continually dividing. Odelberg (Odelberg et al., 2000) found that its 

overexpression restored the ability of proliferation to differentiated cells. Fibroblast 

growth factors (FGF) family through their receptors also have been implicated in myoblast 

proliferation in the limb (Edom-Vovard et al., 2001). 
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Migrating myogenic precursor cells arrange themselves as a dorsal and ventral masses 

when they reach the limb mesenchyme (Christ et al., 1977) and the muscle pattern is 

regulated by signals from the mesoderm of the limb bud (Grim and Wachtler, 1991). 

Growth in muscles results from a balance between proliferation and differentiation 

(Amthor et al., 1999). Muscle growth and an increase in size are stimulated by increased 

proliferation rate of muscle precursor cells (Füchtbauer, 2002). Growth is controlled by the 

action of factors such as FGFs, IGFI (insulin-like growth factor), BMPs (Amthor et al., 1999, 

Floss et al., 1997, Barton-Davis et al., 1998). In contrast, reducing muscle mass is achieved 

by factors such as Noggin and Twist (Fuchtbauer, 1995, Amthor et al., 1999). Furthermore, 

another critical pathway that inhibits muscle differentiation is the Notch axis by promoting 

continued expression of Myf5 and Pax3 and the down-regulation of MyoD (Delfini et al., 

2000) as well as Hepatocyte growth factor/scatter factor (HGF/SF) pathway (Scaal et al., 

1999). Myostatin also regulates myogenesis and decreases the number of skeletal muscle 

cells (McPherron et al., 1997).   

Muscle fibres are formed by the fusion of myoblasts (Stockdale and Holtzer, 1961). These 

multinucleated fibres express specific myosin heavy chain (MHC) (Ontell et al., 1993). There 

are many types of MHC and can be classified into Iβ, α, extra-ocular, neonatal, embryonic, 

IIA, IIX, IIM, and IIB which are expressed from a large genes family (Weiss and Leinwand, 

1996).  The myoblasts will express MyoD and begin to fuse in the limb buds into small 

primary fibres through the action of surface molecules, which mediate cell-cell recognition 

such as a neural cell adhesion molecule, N-CAM, and M-cadherin (Arnold and Braun, 2000). 

M-cadherin mediates terminal differentiation and fusion of myoblasts during 

morphogenesis and formation of myotube is mediated by N-CAM (Ishido et al., 2006).  The 

most recent discovered factor that controls myoblast fusion is Myomaker; a muscle-specific 

membrane protein expressed especially on the cell surface during fusion. This protein is 

expressed in a myotomal portion of the somite, limb bud, and axial skeletal muscle, 

especially during differentiation (Millay et al., 2013). Intact genome is essential to maintain 

skeletal muscle formation during myogenesis. For instance, impairment of Pitx2/Pitx3 and 

downstream antioxidant enzymes was leading to the accumulation of reactive oxygen 

species (ROS) in skeletal muscle tissue. Increase ROS level resulting in an irreversible 

oxidative DNA damage and apoptosis that impairing skeletal muscle development in this 
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model (L'Honore et al., 2014). In this context, it seems to be that impairment of any DNA 

damage repair mechanisms leads to interfering skeletal muscle myogenesis.  

 

1.1.3 Anatomy of skeletal muscle  

1.1.3.1 Gross anatomy  

Skeletal muscle consists of muscle fibres, connective tissue, nerves, and blood vessels. Each 

skeletal muscle contains three layers of connective tissue: (1) epimysium, (2) perimysium, 

and (3) endomysium. Epimysium is a dense layer of collagen fibres that surrounds entire 

muscle, while the perimysium divides the muscle into bundles of skeletal muscle fibres 

called fascicle. Perimysium consists of collagen as well as elastic fibres and contains nerve 

and blood vessels. Every fibre within the fascicle is surrounded by the loose connective 

tissue of endomysium that interconnects adjacent fibres (fig. 1.1). This layer is essential for 

the maintenance of skeletal muscle fibres by providing nutrition via a capillary network, 

control muscle contraction by nerve supply, and contains an adult skeletal muscle stem 

cell, satellite cells, that have damage repair ability. The collagen fibres of these three layers 

at each end of the muscle come together and connect to the bone in a structure called the 

tendon or aponeurosis (Martini et al., 2018).  The main content of collagen in epimysium 

and perimysium is type I and little amounts of type III. Endomysium is composed mainly of 

collagen I and III (Light and Champion, 1984). 

The primary arteries that supply muscle divide into feed branches inside the epimysium 

and when they leave this layer, they give rise to a network of arteriole that invade the 

perimysium. Arterioles then penetrate the perimysium layer and branch to many capillaries 

embedded in endomysium (Korthuis, 2011). In cross-section, the capillaries are arranged 

surrounding the fibres in the highly variable way (Poole et al., 2008). This variation is due 

to differences in capillary circumference and oxygen demand (Berg and Sarelius, 1995).  
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Figure 1.1. The organisation of skeletal muscles. A skeletal muscle consists of bundles of muscle 

fibres, fascicles, enclosed by the epimysium. Fascicles are separated from each other by the 

connective tissue of perimysium, and within each bundle, the muscle fibres are surrounded by the 

endomysium (Martini et al., 2018). 

1.1.3.2 Microanatomy (Histology) of skeletal muscle   

Each skeletal muscle fibre is a cylindrical-multinucleated cell. The nucleus is long and oval 

and located peripherally under the sarcolemma, the cell membrane of skeletal muscle 

fibres. In longitudinal section, skeletal muscle fibre shows a striated pattern, with light and 

dark bands. The darker bands are called A bands, and the lighter bands called I bands. At 

the middle of each I bands thartere is a line called the Z line and is considered a landmark 

of the sarcomere, the contractile apparatus. This apparatus consists mainly of myofibrils, 

long cylindrical filamentous bundles. The striation of myofibril is due to the regular 

arrangement of two types of myofilaments, thick and thin, and which lie parallel to the long 

axis of myofibrils. Thick filaments occupy the A band at the centre of sarcomeres and thin 

filaments lie between and parallel to thick filaments with one end attached to Z line. I band 

consists of the thin filament which do not overlap with thick one, while A band composed 



General Introduction 

25 
Khalid Alyodawi 

mainly of thick and overlapping thin filaments. The lighter area in an A band, H zone, consist 

of the only thick filament, and lateral connection of these filaments at the middle of zone 

make, and a dark line called M line (fig. 1.2). Thick and thin filaments consist of protein, 

myosin, and actin, respectively (Mesher, 2010).   

 

 

Figure 1.2. Structure of myofibril: a series of sarcomeres. Each myofibril consists of a long series 

of sarcomeres, which contain thick and thin filaments and are separated from one another by Z 

disc. Thin filaments are actin; it bound Z line from one end and interacts with myosin; thick 

filaments, on the other end. Myosin has occupied A band and bound to M line (Mesher, 2010). 

 

The nervous system controls the action of the skeletal muscle systemically. The 

communication site between the nervous system and skeletal muscle is called 

neuromuscular junction (NMJ) and is located at the middle of each fibre. Each skeletal 

muscle fibre is controlled by neurone originate from the axon branches within perimysium. 

Each branch ends on muscle fibre via an expanded portion called synaptic terminal. The 

expanded end occurs in the synaptic cleft, a space separating the nerve from sarcolemma. 

The sarcolemma at this cleft is called motor end plate. The synaptic terminal contains 

neurotransmitter called acetylcholine (ACh). The release of the ACh at the NMJ increase 

the permeability of sarcolemma and allow the Sodium ions (Na+) to enter the sarcoplasm 
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and generate a membrane action potential. This condition leads to the release of Ca+ from 

cisterna of sarcoplasmic reticulum (Martini et al., 2018). 

Sarcoplasmic reticulum, a smooth endoplasmic reticulum of muscle cells, is a specialised 

Ca2+ ion store. The ion is released during depolarising at the site of NMJ at the surface of 

muscle fibres and diffuses inside the fibre. To ensure that all regions of fibre are activated 

at the same time and to form a uniform contraction, the muscle cell needs a conducting 

system. This system is represented by transverse (T) tubule, a network of invaginations of 

sarcolemma surroundings every myofibril. These tubules with the terminal cisterna, 

(expansions of the sarcoplasmic reticulum) form the triad. The impulse from nerve at NMJ 

transduces along muscle fibre towards the triad and leads to release of Ca2+ from the 

sarcoplasmic reticulum. The release of this ion leads to the contraction of muscle fibres. 

Relaxation occurs when the depolarisations end and cisterna take up Ca2+ (Mesher, 2010).  

 

1.1.4 Skeletal muscle Physiology  

1.1.4.1 Mechanism of contraction 

Muscle contraction occurs under control of the nervous system, via a special connection 

called neuromuscular junction (NMJ). Excitation of neuron leads to release ACh, a 

neurotransmitter, and making sarcoplasmic reticulum more permeable to discharge Ca2+ 

and start contraction (Martini et al., 2018). The basis of muscle contraction depended on 

the sliding of overlapping actin and myosin filament and was first described by Andrew 

Huxley and Ralph Niedergerke as the sliding filament model in 1954 (HUXLEY and 

NIEDERGERKE, 1954). The sliding of actin and myosin during contraction shortens the 

sarcomere and brings Z line closer together. Therefore, the fundamental role of muscle 

contraction depends on the interaction between actin and myosin filaments (Cooper et al., 

2007). Myosin filaments in skeletal muscle fibres consist as complex consist of two heavy 

coiled chains with two light chains. The two heavy chains on one end form a head that can 

bind actin and have Adenosine Triphosphate (ATP) binding site. During contraction, a 

myosin heavy chain head interacts with the actin filament by forming a cross-bridge. The 

cycle of attachment and detachment is performed by the presence of Ca2+ and ATP, 

respectively. Cross bridge cycles are controlled by nerve impulse that activates 
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sarcoplasmic reticulum to release Ca2+ ions, and it will continue until this ion is removed 

(Mesher, 2010).  

Significant ageing-related change occurs in the contraction element, neuron and proteins, 

resulting in a reduction in contractile speed and force generation capacity of the muscle 

fibres (Larsson et al., 2001). This condition leads to reduced physical activity of aged people. 

Decrease physical activity lead to increase oxidative stress due to the movement of 

neuronal nitric oxide synthase (nNOS) from the extracellular matrix to the cytosol. Cytosolic 

nNOS lead to muscle loss by enhancing Forkhead box O3 (FoxO3)-mediated transcription 

of atrogin-1 and MuRF1 through the oxidative environment (Suzuki et al., 2007).  

 

1.1.5 Energy uses and muscular activity 

The breakdown of ATP molecules powers skeletal muscle contraction by the thick filament. 

Each muscle fibres may contain 15 million thick filaments, each filament when actively 

contracting breakdown approximately 2500 ATP molecules per second. Most of these 

molecules are formed during contraction. At rest, skeletal muscle fibre has a little ATP, and 

a high-energy compound called creatine phosphate (CP). ATP is an unstable molecule, and 

its function is to transfer energy inside cells rather than storage. Therefore, the surplus 

energy of ATP molecules that muscle produces during rest is transferred to CP, and ATP 

then converts to ADP by releasing a phosphate group. During contraction, ATP molecules 

are broken down by myosin heavy chain heads and converted to adenosine diphosphate 

(ADP) that will recharge by phosphate group from CP for reuse. Because the muscle has 

thousands of fibres, this source is not enough to provide energy for muscle contraction for 

an extended period. Therefore, the muscle needs to generate ATP on demand. In general, 

living cells generate ATP by two mechanisms, (1) glycolysis in the cytoplasm and (2) aerobic 

metabolism in mitochondria (Martini et al., 2018).  

 

1.1.5.1 Glycolysis 

Glycolysis occurs in the cytoplasm and produces pyruvic acid by breaking down glucose. It 

also called anaerobic metabolism because it does not require oxygen. Although it produces 

a small amount of energy (2 ATP molecules per 1 glucose molecule), it is vital because it 
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provides substrates, pyruvic acid, for aerobic metabolism. Furthermore, it is considered the 

primary source of cell fuel in cases of limited oxygen availability. The glucose molecules 

needed for this process are obtained from the cell storage of glycogen (Martini et al., 2018).   

 

1.1.5.2 Aerobic metabolism 

Aerobic metabolism occurs in mitochondria, by employing oxygen, ADP, phosphate ions, 

and organic substrate (such as pyruvic acid) from the cytoplasm. The substrate enters an 

enzymatic pathway called the citric acid cycle, which breaks down the organic molecule, 

releases carbon dioxide, and uses hydrogen in the respiratory chain. The result of this 

pathway is a large amount of energy released as ATP (36 molecules) with water as a side 

product. Skeletal muscle fibres metabolise fatty acid from circulation in the aerobic 

pathway to generate ATP in resting status. However, the mitochondria in contracting 

muscle rely on pyruvic acid molecule instead of fatty acid. The Pyruvic acid molecules are 

produced in the cytoplasm by glycolysis of glucose from surrounding interstitial fluid or the 

breakdown of glycogen from sarcoplasm (Martini et al., 2018). 

 

1.1.6 Skeletal muscle fibres plasticity 

Skeletal muscle is a highly adaptable tissue in term of cells (fibres) number and size, 

metabolic status and contents, especially proteins (as reviewed by Matsakas and Patel 

(Matsakas and Patel, 2009)). Fibres change their profile, metabolic, molecular, structural, 

and contractile properties due to many factors. These factors include innervation, exercise 

training, mechanical loading/unloading, hormones, and ageing. Based on the contractile 

profile (Pette and Staron, 2001) oxidative potential (Armstrong and Phelps, 1984), the 

muscle fibres can be classified into slow-twitch and fast-twitch fibres. Slow-twitch fibres 

are oxidative while fast-twitch are classified as oxidative glycolytic and glycolytic. The 

contractile properties depend on the composition in myosin heavy chain isoform (MHC), 

which combining with actin to form the actomyosin complex (Kammoun et al., 2014). This 

fibres isoform type subjected to transition from slow to fast vice versa,  MHCIβ  MHCIIa 

 MHCIId  MHCIIb (Pette and Staron, 2001).  
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The traditional classification of skeletal muscle fibres was based on MHC isoform show 

many subtypes, Iβ, α, extra-ocular, neonatal, embryonic, IIA, IIB, IIX and IIM (masticatory) 

(Weiss and Leinwand, 1996). Small mammal limb expresses the MHC IIb, MHC IId/x and 

MHC IIa as a main fast isoform component and slow MHC Iβ (Pette, 1998). Limb slow twitch 

isoform is MHCIβ, and fast twitch isoforms are MHC IIa, MHC IIx, and MHC IIb (Lukas et al., 

2000).  The primary two fibres types, depending on MHC isoform, type I and type II, possess 

a unique profile. Type I fibres are considered as aerobic with small cross-sectional area 

enriched with mitochondria and myoglobin. In contrast, anaerobic type II fibres have a 

large cross-sectional area profuse amount of glycogen and little myoglobin and few 

mitochondria (Burkitt, 1993). However, a recent study challenges these categories by 

producing larger muscle fibres with preserve oxidative status (Omairi et al., 2016).   

Nerve impulse pattern shows a close relation impact on fibres phenotype. Experimentally, 

cross-enervation (Buller et al., 1960a) or chronic electrical stimulation with slow or fast 

motoneuron-specific impulse patterns (Pette and Staron, 2001) converted fibres 

phenotype from slow to fast and vice versa. Factor, such as myostatin, also control muscle 

fibre phenotype. The increase of glycolytic and decrease in oxidative fibres have been 

found in the mouse model with Myostatin knockout (Amthor et al., 2007).  

As reviewed by Hoppeler, skeletal muscle plasticity has a molecular basis. Maintaining the 

oxidative status and mitochondrial activity is due to convergence in Ca2+ signalling and 

AMPK. Also, PGC-1α coordinates both transcriptional and post-transcriptional processes to 

preserve fibres phenotype. On another side, large, glycolytic, and abundant of protein 

fibres phenotype is preserved by mTORC1, and the latter is regulated by insulin and growth-

factor-dependent signalling cascade as well as mechanical and nutritional factors 

(Hoppeler, 2016).  

 

1.1.7 Skeletal muscle fibres distribution 

Muscle type and animal species contribute to the distribution of muscle fibres type. For 

instance, IIB myofibres consider the largest population of myofibres type in a variety of rat 

skeletal muscle, however, there were some muscles, such as the Soleus, that contained 

very few, if any type IIB myofibres (Delp and Duan, 1985). Location of muscle contributes 

to the distribution of myofibres type since studies including rats, pigs, dogs and cats, 
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demonstrate a high proportion of type I fibres found in deep muscles compared to 

superficial that mostly contain type IIB (Ariano et al., 1973, Armstrong and Phelps, 1984, 

Armstrong et al., 1985, Armstrong et al., 1982). Likewise, the distribution pattern of 

myofibres within a single limb muscle. For example, the deep region of the muscle 

composed mainly of type I myofibres, in contrast very few are located superficially, as an 

alternative in this peripheral region, there is an abundance of type IIB myofibres 

(Armstrong and Phelps, 1984, Fuentes et al., 1998). Type IIB fibres the most dominant fibres 

in Extensor Digitorum Longus (EDL) and Tibialis Anterior (TA) from mouse and rat were 

replaced in rabbit by IIX and no pure type IIB myofibres (Hamalainen and Pette, 1993). In 

these three species hindlimb muscles, the type I illustrate a proximo-distal distribution. 

Also, except Soleus muscle, the muscles of the rat hindlimb were all fast muscles and the 

patterning of type I distribution shows trends of declining proximo-distal type I myofibre 

densities (Wang and Kernell, 2001). The function of muscle have a direct link to the 

composition and distribution of myofibres. For instance, slow oxidative profile with most 

dominant type I myofibres were common in muscle anti-gravity or postural muscles such 

as Soleus whereas the fast glycolytic profile with a large proportion of type IIB fibres is 

found in locomotor muscle (Suzuki, 1995). Larger mammals and man show a more 

significant proportion of type I fibres when compared to small animals (Prince et al., 1976, 

Johnson et al., 1973, Delp and Duan, 1985). The need of faster contraction for faster 

movement in smaller animals could explain the requirement for the use of type IIB 

myofibres (Hamalainen and Pette, 1993, Suzuki, 1995, Armstrong et al., 1985). Human 

skeletal muscle has only three (pure) myofibre types (I, IIA and IIX); however, there was IIB 

RNA formed in the masseter muscle and external oblique but not protein (Yan et al., 1985, 

Smerdu et al., 1994, Horton et al., 2001). 

 

1.1.8 Skeletal muscle fibres transitions 

The determining factor that commands skeletal muscle to carry out a variety of functions 

and movements is the diversity of myofibres in their physiological, biochemical and 

metabolic features. Skeletal muscle is unique in its ability to adapt to environmental, 

metabolic and functional demands controlled by numerous intrinsic signalling pathways 

(Bassel-Duby and Olson, 2006). For example, the cross interaction between muscles have 
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a different profile, slow twitch (soleus) and fast twitch (Flexor digitorum longus), lead to 

change in contractile speed in both muscles (Buller et al., 1960b). The other study suggests 

that the shift was due to difference impulse pattern, it shows the denervated muscles 

received electrical stimulations that mimic patterns of high (intermittent short bursts) and 

low (prolonged) frequency activities determine the contractile properties of fast and slow 

muscles, respectively (Lomo et al., 1974, Salmons and Vrbova, 1969). Unloading and 

hyperthyroidism were reported as another factor of slow to fast switch in myofibre type 

(Caiozzo et al., 1985). In contrast, muscle overloading and hypothyroidism were considered 

fast to slow types inducer (Nwoye and Mommaerts, 1981, Schiaffino and Reggiani, 2011). 

Furthermore, conditions like chronic diseases, such as obesity, ageing, and physical activity 

promote skeletal muscle myofibres to undergo phenotypic transitions (Hickey et al., 1995, 

Inbar et al., 1981, Yan et al., 1985). For example, the transformation of myofibres from 

those more glycolytic to an oxidative phenotype within fast fibres type have notice 

specifically with endurance exercise (Green et al., 1979, Andersen and Henriksson, 1977, 

Schiaffino and Reggiani, 2011). In contrast, a higher proportion of type IIA and IIX are 

observed in more sedentary humans (Klitgaard et al., 1990). 

On molecular level, the AMP-activated protein kinase (AMPK) and peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PGC-1α) interactions (AMPK/ PGC-1α), as 

well as the mitogen-activated protein kinase (MAPK)/PGC-1α signalling pathways, in the 

response to metabolic stress and energy deficiency, have an ability to increase contractile 

activity, by segmentally initiating exercise-induced myofibre transitions and mitochondrial 

biogenesis, respectively (Röckl et al., 2007, Garcia-Roves et al., 2008, Lin et al., 2002, 

Pogozelski et al., 2009). 

 

1.1.9 Skeletal muscle supporting tissue 

1.1.9.1 Skeletal muscle capillarization 

The density of blood vessels in skeletal muscle has a direct effect on many physiological 

prosses since it considers the port for delivering oxygen, substrates and hormones 

(Gudbjornsdottir et al., 2003).  
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The capillaries organised into microvascular units surrounding fibres and originate from the 

terminal arterioles (Lund et al., 1987) and branched initially from conduit arteries that are 

positioned to control the amount of blood entering the muscle (Segal, 2005). Capillary 

density has been demonstrated to match the muscle fibres need for metabolite under 

resting conditions and during exercise (Mortensen and Saltin, 2014). Furthermore, the 

abundance of the capillary is positively correlated to oxidative phenotype since the later 

express high level of angiogenic factors which is not the case in glycolytic phenotypes 

(Annex et al., 1998, Hudlicka et al., 1992, Cherwek et al., 2000). Besides, not only do the 

oxidative fibres have a high ability to produce angiogenic factor but also several 

transcriptional regulators that determine the oxidative phenotype of fibres, which also can 

stimulate angiogenesis. Nuclear receptor PPARgamma-coactivator-1α (PGC-1α) a critical 

regulator of oxidative fibre type (Arany et al., 2008), and peroxisomal proliferator activator 

receptor (PPARδ) are known to promote angiogenic genes expression in skeletal muscle 

(Narkar et al., 2008, Gaudel et al., 2008).  

 

1.1.9.1 Skeletal muscle connective tissue 

The fibroblast cell is the chief cells to produce, maintain and repair connective tissue in 

muscle and tendon (Kuhl et al., 1984, Gatchalian et al., 1989). Although collagen is mainly 

produced by myocyte, its proper assembly into the functional extracellular matrix (ECM) 

require the presence of fibroblast (Lipton, 1977). The main component of ECM is collagens 

or non-collagenous components such as glycoproteins, proteoglycans and elastin. Collagen 

occurs in two primary forms: fibrillar and non-fibrillar collagen. Collagen I and III represent 

the fibrillar form where their high-stress tolerant properties provide ECM with the capacity 

to transmit muscle contraction force to the bone via the tendons. Collagen IV is considered 

a non-fibrillar form of collagen and resident in the basement membrane (Kjaer, 2004). 

Along with other ECM proteins such as laminin represent a unique bind to dystrophin-

glycoprotein complex (DGC). DGC composed of three sub-complexes: (1) the sarcoglycans 

(α, β, γ, and δ); (2) syntrophin, nNOS, and dystrobrevin; and (3) α and β dystroglycan 

(Matsumura et al., 1993). The leading role of DGC is to linking cytoskeleton, the 

sarcolemma, and the ECM into a functional unit that maintains muscle integrity 

(Ohlendieck et al., 1991). Furthermore, ECM is considered a niche for resident stem cell, 
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satellite cell, and plays a crucial role in regulating its activity including self-renewal (Calve 

et al., 2010), proliferation and migration (Gillies and Lieber, 2011) thereby muscle 

regeneration process.  

The connective tissue enclosed the skeletal muscle in three levels (Gillies and Lieber, 2011). 

The first innermost level is represented by a layer of collagen I and collagen III surrounding 

individual muscle fibres, and it called the endomysium. It works as a transducer and load 

bearing structure upon myofibre contraction. The endomysium connecting to the 

sarcolemma via basement membrane that formed from two layers, internal basal lamina 

connects directly to the sarcolemma, and the external reticular lamina (Sanes, 2003, 

Campbell and Stull, 2003, Trotter and Purslow, 1992). The second level of connective tissue 

wrapping, that mainly collagen I and the proteoglycan decorin, is called perimysium and 

surround bundle of fibres or what is term as fascicle. Perimysium is continuous with the 

tendon, so it is responsible for transmitting force from muscle to bone to create movement. 

Blood vessels and nerves are contained within the perimysium tissue (Passerieux et al., 

2007, Gillies and Lieber, 2011). The outer most third layer of connective tissue of skeletal 

muscle is called epimysium and surrounds the entire muscle (Gillies et al., 2014). The 

components of the epimysium layer are more similar to the endomysium; however, the 

collagen patterning more similar to the perimysium and tendon (Gillies and Lieber, 2011). 

The ECM deposition is affected by muscle phenotype; for example, the fast muscle has 

lower ECM component compared to muscle with the slow phenotype (Kovanen et al., 

1980). On the level of single fibres, the endomysium and perimysium connective tissue are 

higher between slow type I than the fast type II myofibres (Kovanen et al., 1984). 

 

1.1.9.1.1 Collagen synthesis and degradation 

ECM, in response to external stimuli, changes its deposition pattern and thickness. The 

synthesis and degradation of the main component of ECM, collagen, is regulated in some 

aspect by mechanical loading. This muscle activity provoked signalling cascades regulating 

molecular gene expression, transcription, translation, as well as post-translational 

modifications collagens (Yasuda et al., 1996). Exercise can increase the releasing of TGF-β 

and IGF-1 and results in an increased procollagen expression and collagen synthesis (Yang 

et al., 1997, Kjaer et al., 2009). Procollagen is a molecule produced by fibroblast in ECM and 
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cleaved by proteases and assembled into collagen fibrils. Ageing could modulate post-

translational modifications of collagen include enzymatic cross-linking (Zimmerman et al., 

1985, Haus et al., 1985, Wood et al., 1985). Matrix metalloproteinase (MMP) activity has 

an essential role in remodelling and degradation of ECM component in both physiological 

and pathological conditions. For instance, the activity of MMP-2, MMP-9, as well as tumour 

necrosis factor (TNF-α) are increased during degeneration-associated ECM remodelling in 

mdx mice (Bani et al., 2008). Furthermore, increased proliferation of muscle resident 

stromal cells and enhancement in collagen deposition are enhanced through increases in 

Wnt signalling (Trensz et al., 2010). 

 

1.1.9.2 Skeletal muscle innervation 

The nervous system has an essential role in regulating muscle properties and determination 

of muscle phenotype (Buller et al., 1960b). Skeletal muscles are under voluntary control; 

however, some muscle such diaphragm usually works outside conscious alertness (Martini 

et al., 2018).  

The nerves that supply a skeletal muscle called myelinated motor nerve. These nerves enter 

the muscle and give rise several terminals branched within the perimysium connective 

tissue layer. The axon loses its myelinated sheath at the site of innervation where it forms 

a dilated termination situated within a channel on the muscle cell surface, a structure called 

motor end-plate or the neuromuscular junction (NMJ). Axon terminal contains numerous 

mitochondria, synaptic vesicles and neurotransmitter acetylcholine (ACh). The space 

between axon and muscle is called synaptic cleft (Mescher and Junqueira, 2013). 

Coordination between a group of motor units, the myofibres and its motor nerve, is 

fundamental to achieve single muscle contraction (Gutmann and Hanzlikova, 1966). 

Innervation pattern is considered one of the factors that affect the expression of MHC 

(Ohira et al., 2006, Patterson et al., 2006). 

1.1.10 Skeletal muscle wasting 

Skeletal muscle, the most abundant tissue in the living body, is composed mainly of protein. 

Therefore, the disorders that affect protein production and degradation will lead to a 

noticeable change in muscle mass. Protein content in the muscular tissue depends on the 
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balance between synthesis and degradation. Increase degradation at the expense of the 

synthesis results in conditions such as sarcopenia, cachexia, and muscle disuse lead to 

muscle wasting (Bowen et al., 2015). Muscle loss also occurs in diseases such as muscular 

dystrophies, cancer, and AIDS (Mateos-Aierdi et al., 2015, Kazemi-Bajestani et al., 2015, 

Grinspoon et al., 2003). All of these conditions have altered the metabolic and physiological 

parameters of muscle and show evidence of progressive weakness.  

 

1.1.10.1 Intracellular Regulators of Protein Homeostasis 

Pathways related to skeletal muscle protein synthesis mainly under control of protein 

kinase B (AKT) insulin-like growth factor 1(IGF-1). Protein synthesis and breakdown are 

controlled by phosphorylation or dephosphorylation of these factors. In many disorders 

shows changes in the homeostasis system, the protein will be transported to the ubiquitin-

proteasome pathway and end with proteolysis. Furthermore, Myostatin a member of the 

transforming growth factor β family also consider as a negative regulator of muscle mass 

by reducing protein contents (Sandri, 2008).  

 

1.1.10.2 Protein synthesis 

Protein synthesis is subject to nutrient availability, physical activity, and anabolic signalling.  

These three elements work together in a compatible way. Availability of nutrient, 

particularly amino acids and anabolic signalling, increase portion synthesis in the skeletal 

muscle for a limited period in the absence of physical activity (Atherton and Smith, 2012). 

Nutrient and exercise participate in protein synthesis by recruiting mechanistic target of 

the rapamycin (mTOR) signalling pathways (Drummond et al., 2009, Dickinson et al., 2011). 

mTOR signalling is involved in protein synthesis directly or by biogenesis of ribosomes 

subunits (Wang and Proud, 2006). Besides, the insulin-like growth factor is an important 

molecule that stimulates muscle hypertrophy through activation of Phosphoinositide 3-

kinase (PI3K)-AKT- mTOR pathway (Bowen et al., 2015). Reduce sensitivity to insulin with 

ageing (Rasmussen et al., 2006) is the one suggested way, leading to muscle wasting due 

to blunting of protein synthesis (Volpi et al., 2000). Another key factor in protein synthesis 

is PGC-1α, a key regulator of mitochondrial biogenesis. Reduction in the signalling of PGC-
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1α impairs insulin sensitivity and reduced AKT and mTOR signalling, the main two 

components in the protein synthesis pathway (Wenz et al., 2009). DNA damage, as a stress 

condition, may affect the protein synthesis by one of stress response mechanism. REDD1 

(regulated in development and DNA damage responses 1) is a gene induced by DNA 

damage (Ellisen et al., 2002). REDD1 inhibits the mTOR signalling pathway (Brugarolas et 

al., 2004) and that leads to a suppression of protein synthesis.  

 

1.1.10.3 Protein degradation  

Activation of the ubiquitin-proteasome and autophagy-lysosome system lead to muscle 

wasting resulting from increase muscle protein turnover (Sandri, 2008). Proteins are 

degrading by proteasome when they enter to the conjugation status and then became 

polyubiquitinated, which activates the ubiquitin-proteasome pathway (UPP) by enzymes 

activation system (Lecker et al., 2006). This pathway consists of a system of concerted 

enzymes linked to chains of polypeptide co-factor, ubiquitin (Ub), which mark protein for 

degradation (Glickman and Ciechanover, 2002). There are three components of Ub 

enzymatic system, E1 (Ub-activating enzyme), E2s (Ub-carrier or conjugating proteins), and 

E3 (Ub-protein ligase). E1 and E2s prepare Ub for conjugation to protein, while E3 recognise 

specific substrate and facilitates transfer Ub to protein (Lecker et al., 2006). Tagged protein 

is recognised by the 26S proteasome, a vast protease complex, and degrades them to small 

peptides (Baumeister et al., 1998). A malfunction in UPP qualitatively occurs with ageing. 

The first step of UPP, ubiquitination, is not affected with age, but degradation is affected 

(Carrard et al., 2002). Another study suggests that the increase in proteasome with age and 

a decrease in the content of regulatory proteins may lead to insufficient activation of the 

proteasome (Ferrington et al., 2005). Also, increase oxidation of proteasome subunits with 

age results in changes in UPP regulation (Carrard et al., 2002). Furthermore, increase 

proteins oxidation with age can inhibit proteasome activity (Terman and Brunk, 2004a).  

The autophagy-lysosome system degrades proteins of cytoplasm by making a double-

membrane vesicle called autophagosome (Levine and Kroemer, 2008). Many molecules 

such as microtubule-associated protein 1 light chain 3B (LC3B), γ-aminobutyric-acid-type-

A-receptor-associated protein (GABARAP), Golgi-associated ATPase enhancer of 16 kDa 

(GATE16), and autophagy-related protein 12 (Atg12), are involved in the formation of 
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autophagosomes (Bechet et al., 2005). Autophagosome binds the conjugated molecule, 

organelles and proteins, and moves them to the lysosome for degradation (Vinciguerra et 

al., 2010). Autophagy is genes regulated pathway; LC3 and GABARAP are main two proteins 

in this prosses. They are upregulated by atrogenes which encode for proteins presented to 

lysosomes for degradation when fused with autophagosomes. The foxo3 transcriptional 

factor is also essential in autophagy by transcription autophagy-related genes such as LC3 

(Mammucari et al., 2008). In ageing, the lysosomal system undergoes noticeable changes, 

such as an increase in lysosome volume, decrease stability, altered some hydrolases 

activities (Terman and Brunk, 2004a). Such alteration leads to a decrease in rates of 

degradation long-lived protein, e.g. skeletal muscle protein (Bergamini et al., 2004), and 

this will contribute to the accumulation of oxidised proteins with age as well as 

insufficient proteins turnover (Martinez-Vicente et al., 2005). 

Calpain is a proteolytic enzyme and also considered as intracellular signal transductor 

mediated by Ca2+ (Croall and Ersfeld, 2007). Calpain has many isoforms, but one that is 

important in skeletal muscle proteolytic is calpain3 (Sorimachi et al., 1989). Activation of 

this enzyme by changes in Ca2+ homoeostasis, resulting in changes in muscle fibres and 

organelles such as sarcoplasmic reticulum vacuolization and mitochondrial swelling 

(Armstrong et al., 1991). Calpain is located at the Z line and its proteolytic activity lead to 

complete disassembly between myofibrils and loss of connection between adjacent 

sarcomeres (Huang and Forsberg, 1998). This enzyme is also responsible for cleavage of 

one of the cytoskeleton proteins called fodrin and is accompanied by apoptosis (Martin et 

al., 1995). Calpain activity in some muscle diseases such as Duchene and Becker muscular 

dystrophies lead to muscle fibres degradation (Kumamoto et al., 2000). 

 

1.1.10.4 Mitochondrial dysfunction  

The alteration in mitochondrial morphology and function associated with muscle loss in 

many disease conditions, such as cancer cachexia and neuromuscular disorder (Antunes et 

al., 2014, Katsetos et al., 2013), and muscle loss with ageing (Carnio et al., 2014). 

Maintenance of mitochondrial integrity seems to have a significant effect on muscle tissue 

since the genetic disruption of proteins involved in mitochondrial maintenance resulting in 

muscle atrophy phenotype (Cipolat et al., 2006). On another hand, the overexpression of 
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proteins involved in mitochondrial biogenesis can protect muscle from atrophy. For 

example, overexpression of Opa1, a protein associated with inner mitochondrial 

membrane fusion and function, preserve muscle from atrophy in a condition known of its 

muscle loss phenotype such as denervation and myopathy (Civiletto et al., 2015). In the 

same context, the starvation-induced muscle loss was wildly protected in mouse with 

downregulated Mul1, a FoxO-dependent ubiquitin-ligase involved in the ubiquitination and 

degradation of Mfn2, the protein involved in mitochondrial integrity (Lokireddy et al., 

2012). On another hand, deficiency in Mfn2 in muscle leading to mitochondrial dysfunction 

and ROS production (Sebastian et al., 2012). The accumulation of ROS accelerates skeletal 

muscle proteolysis (Powers et al., 2012). Negative feedback of accumulation of ROS will 

provoke signalling for mitochondrial dysfunction and muscle atrophy (Talbert et al., 1985). 

Oxidative stress could accelerate muscle atrophy in many ways. First, ROS can regulate 

atrophy pathway by modulate NF-kB and FoxO transcriptional factors and activating the 

autophagy-lysosome and the ubiquitin-proteasome systems (Dodd et al., 2010). Second, 

disuse atrophy that associated with an increased level of ROS production activates muscle 

proteases calpain and caspase-3 (McClung et al., 2009, Nelson et al., 2012). Third, the ROS 

lead to oxidation of muscle proteins and make it more prone to proteolysis and degradation 

(Smuder et al., 2010). 

1.1.10.5. Inflammation  

Many inflammatory disorders were resulting in muscle loss. For example, the chronic 

obstructive pulmonary disorder (COPD), a condition characterises by abnormal lung 

function and systemic inflammation which results in skeletal muscle dysfunction (Killian et al., 

1992).  There was clear evidence of the elevation level of inflammatory markers such as IL-

6, TNF-α and IL-8 associated with COPD (Londhe and Guttridge, 2015). The other 

inflammatory disease and associated with skeletal muscle atrophy is Rheumatoid arthritis 

(RA). The muscle loss in RA disease is termed as rheumatoid cachexia, and it is differing 

from another type of cachexia since it characterises by loss the muscle tissue only while the 

other combine with fat loss also. The skeletal muscle loss in this inflammatory disease was 

linked to increasing the level of inflammatory cytokine, especially the TNF-α and IL-1β, and 

these two factors work synergistically to provoke muscle wasting (Walsmith and 

Roubenoff, 2002). On the other hand, the inflammation leads to triggers mitochondrial 
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abnormalities by impairing mitochondrial biogenesis (Marzetti et al., 2013). Moreover, as 

we mention in the previous section, there is a relationship between mitochondrial 

dysfunction and muscle loss. 

1.1.10.6. Reduction in satellite cell number and activity 

In the human study, there was evidence of a decrease in satellite cell number in atrophied 

fibres, type IIB with ageing but not the type I (Verdijk et al., 2014). However, genetic 

depletion of a satellite cell in a mouse model did not affect the skeletal muscle fibres size 

(Fry et al., 2015). The number of satellite cell, according to these studies, have a specific 

pattern of effect according to species and fibres types.      

The satellite cell activity, proliferation and differentiation, was investigated in a mouse 

model with evidence of muscle atrophy such as mechanical unloading. The mechanical 

unloading was achieved by hind limb suspension resulting in rapid atrophy in skeletal 

muscle. The signs of atrophy have been notced in both type of muscle fibres and was a 

combine by the reduction in satellite cell content and activity. The study also shows a 

reduction in MyoD positive and Myogenin positive cells in this mouse model as a marker of 

proliferating and differentiation, respectively (Nakanishi et al., 2016). Chronic illness-

induced atrophy, such as cancer and diabetes, was associated with a change in satellite cell 

activity. For instance, in cancer patients, there was a reduction in myogenin positive cells, 

and that means a reduction in satellite cell proliferation capacity (Brzeszczynska et al., 

2016).   

 

1.1.10.7. Myostatin 

Myostatin via its receptor, activin A receptor type IIB (ActRIIB), inhibits muscle growth 

through activation transcription factors, the SMAD2 (mothers against decapentaplegic 2) 

and SMAD3 (mothers against decapentaplegic 3). SMAD2/3 enhance skeletal muscle 

atrophy by upregulating atrogenes transcription. Suppression of muscle growth by 

myostatin signalling even due to reduced protein synthesis by inhibition of Akt, increase 

protein degradation by elevated FoxO transcription (Chen et al., 2017) or by inhibition of 

satellite cell as mention above. Myostatin blockade or inhibition would increase the 

skeletal muscle mass in muscle wasting conditions. For instance, a study shows that the 
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knockout of the myostatin gene leads to an increase in muscle mass compared with wild 

type (Amthor et al., 2007), and block of myostatin to react with its receptor on skeletal 

muscle, ActRIIB, by follistatin or by the myostatin propeptide lead to a dramatic increase in 

muscle mass (Lee and McPherron, 2001). Later, Cadena et al. use a soluble form of ActRIIB, 

and the result increased in muscle mass by 16% in injected mice compared to untreated 

mice (Cadena et al., 2010). Therefore, the targeting of myostatin by either method to 

inhibit its negative regulation of skeletal muscle is considers an essential approach to 

resolving muscle wasting in many disorders, including progeria syndromes and ageing.   

 

1.3. Ageing 

Ageing is a multifactorial process affecting all biological systems in living bodies. To study 

the causes of ageing, scientists and researchers have put forward many hypothesises.  

These hypothesises are connected in many aspects. In general, they mentioned that the 

leading cause of the ageing process is the damage in cell components, especially DNA, 

nuclear and mitochondrial DNA, and proteins. The common cause of DNA damage in the 

cells from ageing subjects is increases free radical and its oxidative stress consequence. As 

reviewed by McCord, the cause of increase free radical is an imbalance between free radical 

formation and the level of elimination by antioxidants (McCord, 2000). Mitochondria is the 

primary source of critical members of free radical, H2O2 (Boveris et al., 1972) and 

superoxide anion (Han et al., 2001).  

Adelman and his group found that the level of thymine glycol and thymidine glycol in urine, 

an indicator of oxidative DNA damage, is correlated inversely with life span (Adelman et al., 

1988). The DNA damage is reversible, and the cells have many systems to correct such 

damage. One of the essential types of DNA damage repair is the nucleotide excision repair 

(NER) mechanism. As reviewed by de Boer and Hoeijmakers, NER can repair a variety of 

DNA lesions such as damage by ultraviolet (UV) light, chemical damage and also alkaline 

and oxidative agents induced damage  (de Boer and Hoeijmakers, 2000). Thus, any 

impairment in NER may lead to accelerated ageing as seen by progeria syndrome. In order 

to study the effect of impairment of DNA repair mechanisms as a particular cause of ageing, 

the mouse model has been generated. This progeric mouse model lacks the protein 

involved in NER, the ERCC1 protein. These mice even have the full knockout of ERCC1 gene 
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and die approximately at four weeks, or hypomorph, Ercc1Δ/- mice, with extended life to 22 

weeks.  

1.3.1. Sarcopenia 

General improvements in health care have increased the number of aged people all over 

the world. World Health Organization expects that in 2030 would be at least 973 millions 

of people aged 65 years or older compared to 420 million in 2000. Furthermore, there will 

be an increase in life expectancy estimated around 80 years in industrial countries (Control 

and Prevention, 2003). Ageing affects almost all organs in the body, and more pronounced 

affected tissue is the skeletal muscle. A progressive decrease in this organ size is started at 

the age of 25 years in both size and number of muscle fibres, at the age of 80 years, it has 

lost about 30% of its mass (Lexell et al., 1988). This condition is called sarcopenia. 

Sarcopenia was first used to describe the loss of body mass during ageing by Rosenberg 

(Rosenberg, 1997) and previously termed as ‘senile muscle atrophy’ (Gutman and 

Hanzlikova, 1972). Sarcopenia can be defined as a syndrome characterised by a progressive 

loss of skeletal muscle mass and strength (Delmonico et al., 2007). The European Working 

Group on Sarcopenia in Older People defined criteria of this term. They mention that 

sarcopenia refers to the presence of lower muscles mass and muscle weakness and 

impaired performance (Cruz-Jentoft et al., 2010). 

The consequences of sarcopenia are reflected on aged people as general health 

complication and communities as well. People suffering from sarcopenia are considered as 

public health burden by mean of hospitalisation, nursing home admission, development of 

physical disability, and even mortality (Guralnik et al., 2000). In particular, sarcopenia is 

associated with graduate loss of physical activity, decrease in functional performance and 

physical disability (Tanimoto et al., 2012). Impaired ability to walk (Hardy et al., 2011) and 

increased falls and fall-related fractures are the prominent determinants of subsequent 

disability (Tanimoto et al., 2014).  

Skeletal muscle is considered as a secretory organ because of its secretion of myokines. 

They have autocrine, paracrine, or endocrine effects. Myokines, a type of cytokines, consist 

of several hundred peptides make a communication network with other tissues and organs 

as well as muscle itself. Autocrine activity is endorsed in factors such as myostatin, 

leukaemia inhibitory factor (LIF), interleukin-6 (IL-6) and interleukin-7 (IL-7) as they are 
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involved in muscle hypertrophy, myogenesis. Also, a Brain-derived neurotrophic factor 

(BDNF) and IL-6 as they involved in Adenosine monophosphate kinase (AMPK)-mediated 

fat oxidation. The endocrine activity of skeletal muscle represented by IL-6 and has an 

effect on the liver, adipose tissue, immune system, and mediates crosstalk between 

intestinal L cells and pancreatic islets. Other myokines impact the endothelial function of 

the vascular system, are the insulin-like growth factors (IGF-1), fibroblast growth factor 

(FGF-2), follistatin-like-1 (FSTL-1), and Peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α)-dependent myokine irisin. The imbalance between these 

myokines leads to accumulation of fat, especially visceral, and develop cardiovascular 

diseases, type II diabetes mellitus, and cancer (Pratesi et al., 2013). Production of these 

factors from skeletal muscle is regulated by contraction (Pedersen and Febbraio, 2012).  

A reduction in size characterises aged muscle is mainly due to smaller type II muscle fibres 

(Nilwik et al., 2013). Not only fibre size is affected by age but also the internal structure of 

the fibre is changed, such as myofilaments protein content and function (Miller and Toth, 

2013). Myosin protein, an essential component of skeletal muscle, is altered and reduced 

clearly with age (D'Antona et al., 2003).  The alteration in this protein, such as oxidation, 

will disrupt the binding between myosin head and actin filament and reduce contraction 

efficiency by impair cross-bridges (Moen et al., 2014). This situation will reduce power 

generation in the whole muscle and affect the overall body strength. Aged skeletal muscle 

also shows signs of regeneration, including the presence of various fibre size, especially 

small size, and the presence of a centrally located nucleus (Edström and Ulfhake, 2005). 

Another sign of muscle regeneration is an expression of embryonic MHC, particularly after 

degeneration of denervated fibres (Borisov et al., 2001). Furthermore, the mechanical 

properties of aged muscles also altered. In this context, Ochala et al. reported that the 

stiffness increases in whole muscle as well as in single fibre with age (Ochala et al., 2007).  

At the transcriptional level, aged muscle fibres show incapacitation of the GH-IGF-I axis, 

and that lead to fibres failing to regenerate in the late phase.  

It seems that DNA damage is the primary cause of ageing (Gensler and Bernstein, 1981). 

There are a variety of DNA damages that accumulate with age as reviewed by Moskalev et 

al., including single strand and double strand DNA breaks (Moskalev et al., 2013). Lack of 

DNA repair mechanisms results in accumulation of DNA damages. There are many mouse 

models with impaired or attenuation of one of these mechanisms with a sign of accelerated 
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ageing. One of these models is subjected to study by Dollé et al. and it lacked one of 

essential DNA repair proteins, excision repair complementary complex1 (ERCC1). This 

model shows signs of multi-organ accelerated ageing (Dollé et al., 2011), including skeletal 

muscle, sarcopenia (Niedernhofer et al., 2006).  

1.3.2. Progeria 

Sarcopenia, as mention above, defined as involuntary loss of skeletal muscle mass and 

function with ageing. However, the conditions and mouse models that show accelerated 

ageing phenotype also showed a sign of muscle loss and this condition term as progeria. 

Progeria is a rare genetic disorder that shows the signs of ageing at an early age. There are 

several syndromes classified as a progeric condition. Progeria has a Greek origin, “pro”, 

meaning “before”, or “premature”, and “geras” meaning “old age”. Many models 

mimicking the progeroid syndromes have been developed to build up experimental 

treatments for these syndromes and natural ageing. 

1.3.2.1. Progeria syndrome 

1.3.2.1.1. The Cerebro-oculo-facio-skeletal Syndrome 

Jaspers et al. have described the first patient with the Cerebro-oculo-facio-skeletal 

syndrome, with the features of pre- and postnatal growth retardation and death in early 

infancy. The other features include microcephaly, bilateral microphthalmia, micrognathia, 

low-set and posterior-rotated ears, arthrogryposis with rocker-bottom feet, flexion 

contractures of the hands, and bilateral congenital hip dislocation. The death occurred at 

14 months due to developed bilateral pneumonia. The patient had a mutation in the ERCC1 

gene, and as a result, NER activity reduced to 15% of the average level after UV-induced 

DNA damage was (Jaspers et al., 2007). ERCC1-XPF is heterodimeric complex that functions 

as a structure-specific DNA endonuclease participates in NER (Sijbers et al., 1996). Mutation 

in the ERCC1 gene lead to truncate in the protein encoded by this gene lacks the entire C-

terminal domain, which is essential for interaction with XPF (Jaspers et al., 2007). In 

addition to its function as an endonuclease, ERCC1-XPF also has telomere length 

maintenance activity (Zhu et al., 2003). As the telomere is essential for normal cell division, 
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its maintenance defect leads to cell senescence (Bodnar et al., 1998). Cell senescence is 

one of the essential causes of ageing features in elderly and progeria syndrome. 

 

1.3.2.1.2.  Cockayne syndrome 

The Cockayne syndrome (CS) first characterise by Cockayne in 1936 as a type of dwarfism 

with a feature of retinal atrophy and deafness (Cockayne, 1936). As reviewed by 

Karikkineth et al., CS could be considered as progeria syndrome based on lack of recovery 

of RNA transcription after UV light-induced DNA damage. CS has many related disorders 

leading to death at the age of 12 years (Karikkineth et al., 2016). According to a study by 

Natale V., the death age is variable according to the severity of the syndrome. The study 

shows that the ranges of death age are 5.0, 16.1, and 30.3 years for severe, moderate, and 

mild cases, respectively (Natale, 2011). The features of CS were listed by reviewing 25 cases 

by Ozdirim et al., in addition to dwarfism, CS person has microcephaly, mental retardation, 

photosensitivity, progeroid appearance  (Ozdirim et al., 1996). Moreover, most recently, 

characterisation of CS reveal severe neurological manifestations, vision disorders, 

deafness, feeding difficulties, and muscle wasting (Karikkineth et al., 2016). 

The mutation in ERCC8 or ERCC6 genes that encoded a protein called CSA and CSB 

respectively is the leading cause of CS (Natale, 2011, Laugel, 2013).  CSB engaged in many 

DNA damage repair mechanisms. A defect in CSB disrupts RNA polymerase to dealing with 

transcription blocks (Aamann et al., 2013), base excision repair (Stevnsner et al., 2008), 

inter-strand crosslink repair (Iyama et al., 2015) and DNA double-strand break repair 

(Batenburg et al., 2015). CSA has a role in DNA damage repair by involving CSA-associated 

ligase in the degradation of transcription-coupled repair at the end of repair prosses to 

allow the resume of transcription (Groisman et al., 2006). CS sharing many features of 

ageing in an accelerated manner, therefore, is considering as a progeroid syndrome. The 

underlying cause of CS is the defect in ERCC complex proteins that related to NER of DNA 

damage. The evidence from this syndrome reveals the relationship between ERCC proteins 

and the feature of the progeroid syndrome and ageing.  
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1.3.2.1.3.  Trichothiodystrophy 

Trichothiodystrophy (TTD) most distinctive feature is brittle hair caused by sulphur-

deficiency due to a reduced level of cysteine-rich matrix proteins. Other clinical features 

include small stature, skin thinning, UV light photosensitivity and decrease muscle tone (Itin 

et al., 2001, Bergmann and Egly, 2001). TTD is resulting from defects in NER, and it is linked 

to a mutation in the XPD gene that has a DNA repair activity (Lehmann, 2003). In contrast, 

non-photosensitive TTD displays a standard NER capacity (Stefanini et al., 1986). 

The genetic basis of photosensitive TTD is related to mutations in ERCC2 (XPD) or ERCC3 

(XPB) and p8/TTDA; three of ten subunits of TFIIH, a basal transcription/repair factor (Botta 

et al., 2002). ERCC3 had a helicase activity which opens the DNA surrounding damage site 

(Guzder et al., 1994). The NER removes DNA damage by ERCC3 ATPase activity in 

combination with the helicase activity of ERCC2 (Hashimoto and Egly, 2009). Among the 

many features listed above, the decrease in muscle tone (Itin et al., 2001) may reveal the 

importance of DNA integrity in maintaining skeletal muscle tissue. Many progeroid 

syndromes share ERCC group mutant. Therefore, the study of the effect of ERCC mutations 

and find a therapeutic approach may apply to all these syndromes.   

 

1.3.2.1.4.  Xeroderma pigmentosum 

Xeroderma pigmentosum (XP) is a disorder characterised by distinctive skin features such 

as wrinkling, checkered pigmentation, and skin tumour. Other features include neurologic 

abnormalities, dwarfism, gonadal hypoplasia, and mental deficiency. In addition, XP 

patients have a high sensitivity to develop skin cancer upon exposure to sunlight (as 

reviewed by (Black, 2016)).  Affected patients may exhibit signs of hearing loss, laryngeal 

dystonia and peripheral neuropathy (Anttinen et al., 2008). 

Xeroderma pigmentosum was the first nucleotide excision repair (NER) deficiency disease 

to be described (Cleaver, 2004). There are a group of complementation genes participate 

in this syndrome include  XPA, XPB (ERCC3), XPC, XPD (ERCC2), XPE (DDB2), XPF (ERCC4), 

XPG (ERCC5), and XP VARIANT (DiGiovanna and Kraemer, 2012). ERCC1-XPF is 

heterodimeric complex that functions as a structure-specific DNA endonuclease 

participates in NER (Sijbers et al., 1996). Therefore, any defect in either of these two 
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components resulting in a defect in DNA damage repair and related features. One of the 

features of XP that mention above is peripheral neuropathy, and this may lead to a defect 

in peripheral nerve supplying tissue, including skeletal muscle. 

 

1.3.2.1.5.  Hutchinson-Gilford progeria syndrome 

Hutchinson-Gilford progeria syndrome (HGPS) is a rare genetic disorder characterised by 

accelerated ageing. The children affected by HGPS appear normal at birth but within a year 

start to display signs of ageing. All affected children share the same distinguishing features. 

Typically facial features include micrognathia (small jaw), the cranium is disproportioned 

to face, alopecia (loss of hair), and prominent eyes and scalp veins. Furthermore, the 

affected child has delayed growth, and that leads to short stature and below the average 

weight. Aged looking skin is due to lack of subcutaneous fat (Sarkar and Shinton, 2001). 

Death occurs at an average of 13 years because of age-related diseases such as respiratory, 

cardiovascular, and arthritic conditions (DeBusk, 1972, Baker et al., 1981).  

All Hutchinson-Gilford progeria syndrome cases show a sign growth retardation. This 

condition is related to growth factors imbalance. Even they have a normal level of the 

growth hormone (GH), but it occurs in an inactive form. Besides, they have deficient insulin-

like growth factor with very high basal metabolic rates (BMRs) and increase in hyaluronic 

acid (HA). These metabolic alterations are closely related to genetic disorders (Brown, 

1992).  

The genetic basis of HGPS first described by Eriksson groups in 2003; they present evidence 

of mutation in lamin A (LMNA) gene as a direct cause. This mutation leads to abnormalities 

in the nuclear membrane, due to abnormal LMNA protein that lacks 50 amino acids at the 

carboxy terminus. This protein is encoded by the LMNA gene and is considered as a 

significant component of the inner nuclear membrane lamina (Eriksson et al., 2003). 

Usually, lamin A is produced as a precursor molecule called prelamin A. This molecule is 

subjected to farnesylation, a post-translation modification to add farnesyl group. The 

molecule then undergoes internal proteolytic cleavage to remove 18 coding amino acids to 

generate mature lamin A (Sinensky et al., 1994). Mutation in the LMNA gene yields 

prelamin A missing the site of endoproteolytic cleavage. The incompletely processed 

prelamin A forms a multiprotein complex within the inner nuclear membrane and might 
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act as a dominant negative factor (Eriksson et al., 2003). Defects in this protein result in 

disturbance not only in the nuclear membrane but also in the nucleoplasm. A cell that has 

nuclei with such defective protein will undergo dramatic pathological consequences 

leading to cell senescence (Cau et al., 2014).  

1.3.2.1.6.  Werner syndrome 

Werner syndrome (WS) is one of the human premature ageing disorders. Patient with this 

syndrome exhibits many features of ageing in the early stage of life with early onset of age-

related diseases. Diseases such as atherosclerosis, osteoporosis cataract and increase 

susceptibility to cancer are considered the most critical features of WS (Opresko et al., 

2003). The symptoms of this syndrome appear in the second or third decade of life (Martin, 

1978) and a major cause of death is a myocardial infarction (Opresko et al., 2003).  

This condition is accompanied by recombinational changes, chromosomal alteration and 

attenuated apoptosis. Furthermore, a defect in DNA repair and replication and impaired 

telomere maintenance also are found in this syndrome (Opresko et al., 2003). Notably, a 

defect in a gene related to producing Warner protein (WRN) is the leading cause of this 

syndrome (Yu et al., 1996). The mutation in the gene that cause WS leads to produce WRN 

lacks the C-terminus, the terminal carboxyl group that enables the protein to transported 

to the nucleus (Oshima, 2000). This protein has three important enzymes activities, DNA-

dependent ATPase (Pichierri et al., 2003), helicase (Gray et al., 1997) and exonuclease 

(Huang et al., 1998). Therefore, cells, with WR, have unstable genomes.  

Inability to repair defects in the genome as well as telomere shortens and dysfunction is a 

major cause that leads to senescence in this syndrome. In general, telomere-associated 

senescence can be avoided through the expression of telomerase that extends telomere 

(Campisi et al., 2001), and more close to resolving the problem of accelerated ageing in WS, 

exogenous telomerase was expressed in WS fibroblast lead to increase life span (Wyllie et 

al., 2000).  

 

1.3.2.1.7.  Wiedemann-Rautenstrauch syndrome 

Wiedemann-Rautenstrauch Syndrome (WRS) is one of the progeroid syndromes in which 

the newborn show the characteristic of old age at the time of birth. It first described in 
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1979 by Wiedemann of his two patients, and the other two previously reported patient 

(Rautenstrauch and Snigula, 1977, Wiedemann, 1979). The WRS consider one of progeroid 

syndromes because the  patient has a characteristic of ageing include age mien, 

pseudohydrocephaly, general alteration in ossification, subcutaneous tissue atrophy, fat 

accumulation in flank and phalanxes, biochemical alteration, hypercholesterolemia and 

hyperinsulinism (Arboleda et al., 1997, Pivnick et al., 2000, Martin, 1978). All patients 

affected by WRS have limited survival time after birth, with a mean life expectancy of seven 

months (Arboleda et al., 2007). The newborn with WRS have dentation at birth (Devos et 

al., 1981), which is related to the alteration of jaws and face (Arboleda and Arboleda, 2005). 

The two main characteristics of a patient with WRS are an endocrine and metabolic 

alteration. For example, hyperinsulinism (Arboleda and Arboleda, 2005), and it may reflect 

on insulin resistant that associated with lipodystrophy (Najjar et al., 1975).   

The cause of WRS not clearly understood. However, it suggested the most important causes 

are factors involved in cellular metabolism such as adipose tissue atrophy, hyperinsulinism 

and lipid alteration. In healthy cells, Akt mediates modulation of many molecules involved 

in the regulation of cell survival and cell cycle (Fresno Vara et al., 2004). Therefore, the 

alteration in PI3K/AKT signalling may have a close relation to this syndrome disorders 

(Arboleda et al., 2007).  

1.3.2.2. Progeria models 

Developing mammalian progeria models comes from the need to study and characterise 

progeria syndromes. However, progeria models can be used to study ageing as these 

models share many signs with naturally aged mice. Furthermore, using a mouse model of 

progeria will compress the time for experiments, and it will be easier to design and see the 

effects of treatment in a shorter time. Reducing the time of experiments will reduce the 

cost of animal housing and fit the duration of the most research project.       

 

1.3.2.2.1 Mouse model of HGPS 

Hutchinson-Gilford progeria syndrome (HGPS) is a rare accelerating ageing disease. As 

mentioned above the patients with syndrome display signs of ageing such as micrognathia, 

alopecia, delayed growth and aged looking skin (Sarkar and Shinton, 2001). Besides, the 
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patients die at an average of 13 years because of respiratory, cardiovascular, and arthritic 

conditions (DeBusk, 1972, Baker et al., 1981). The mouse model has been generated with 

a mutation in the A-type lamin gene, a significant component of the nuclear lamina to 

mimic this syndrome (Burke and Stewart, 2002). Mice with homozygous show defects as 

that noticed in HGPS, including reduce growth rate and die by four weeks of age. 

Furthermore, skin, bone, and muscle also display the same pathologies of progeria. On the 

cellular level, mouse mutation of LMNA leads to a defect in nuclear morphology, 

particularly the change in the nuclear lamina (Mounkes et al., 2003). A defect in the lamina 

will affect the nucleus through chromatin organisation, DNA replication, and gene 

expression (Spann et al., 2002, Hutchison, 2002). The mouse model that displays this 

disorder, also called laminopathy, has a genotype of LmnaL530P/L530P mutant (Mounkes et 

al., 2003).  To produce this model, the nucleotide base was changed in the LMNA gene, 

resulting in proline substitution for leucine at residue 530 (L530P) (Bonne et al., 1999). This 

mouse model appears normal at birth, but within 4-6 days developed growth retardation, 

and the average of death is 4-5 weeks. This mouse model also shows other signs of progeria 

patients, such as micrognathia and abnormal dentition. However, some phenotypes are 

displayed by progeria syndrome but not in LmnaL530P/L530P mouse, such as osteolysis of 

terminal digit and atherosclerosis (Mounkes et al., 2003). 

 

1.3.2.2.2 Mouse model deficient in Zmpste24  

This mouse model is deficient in zinc metalloproteinase STE24 (Zmpste24), the 

metalloproteinase that involved in posttranslational maturation of lamin A protein. This 

protein is considered an essential nuclear envelope component. Zmpste24-/- mice display 

nuclear abnormalities and show accelerating ageing (Pendas et al., 2002) as seen in humans 

with a mutation in Zmpste24 (Agarwal et al., 2003). In addition to disruption of lamin A 

protein maturation,  the mutation of this gene also lead to activated p53 target genes 

(Varela et al., 2005).  

Premature ageing features displayed in mice with the mutant Zmpste24 gene are due to 

the accumulation of prelamin A. This accumulation cause nuclear abnormalities, decrease 

longevity, and many ageing related phenotype (Pendas et al., 2002, Bergo et al., 2002). 

Besides, the activation of p53 targets genes that response to tumour and DNA damage may 
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lead to apoptosis or cell cycle arrest (cellular senescence). These two processes could 

attenuate the function and structure of tissue due to depleting of stem cells (Rodier et al., 

2007).  

1.3.2.2.3 Mouse model with ERCC1 mutation  

Longevity is dependent in some aspects, on the genome maintenance. Genome disorders 

resulting from deficiencies in genome maintenance proteins can lead to reduced lifespan 

and segmental progeroid syndrome (Hasty et al., 2003). One of the most critical pathways 

to maintain genome integrity is DNA repair pathways, by which the lesions are removed 

from DNA. ERCC1 protein complexed with XPF to made up endonuclease (Tripsianes et al., 

2005). The activity of this enzyme is essential for correcting damage by nucleotide excision 

repair (NER) (Aboussekhra et al., 1995). However, this complex also participates in the 

repair of other DNA damage, namely DNA interstrand crosslink (ICL) (Kuraoka et al., 2000) 

and DNA double-strand break (DSB) (Ahmad et al., 2008).  

The child that born with a defect in NER will suffer from a syndrome called xeroderma 

pigmentosum (XP), characterised by ultraviolet light (UV) sensitivity, skin pigmentation 

abnormalities, a strong predisposition to skin cancer in exposed areas, and frequently 

accelerated neurodegeneration. Other two NER disorder in human is the severe 

neurodevelopmental conditions, Cockayne syndrome (CS), and trichothiodystrophy (TTD) 

(Edifizi and Schumacher, 2015). In mammals, the NER disorder representative by UV 

sensitive rodent cell line can be corrected by human ERCC1 (excision repair cross-

complementation group 1) gene. The protein that encoded in ERCC1 gene, complexed with 

XPF (ERCC4) products and forms the structure-specific endonuclease, which is responsible 

for the incision in damaged strand 5` of the lesion (Sijbers et al., 1996).  

Experimentally, the mutation has been made in the ERCC1 gene in mice. Targeting the 

ERCC1 gene by knock-out protocol was achieved by subcloning a ~9.5 kb HindIII/SalI 

fragment containing murine ERCC1 exons 6–10 into pBR322 (Weeda et al., 1997). A unique 

ClaI restriction site was generated in exon seven by uracil-DNA-mediated mutagenesis 

(Kunkel et al., 1987). Insertion of the pMC1-neo resistance gene (Thomas and Capecchi, 

1987), containing a diagnostic BamHI restriction site, into the unique ClaI site, yielding 

pE1NEO7 (Weeda et al., 1997). To generate ERCC1 gene with moderate effect, also refer as 

delta (Δ), Weeda et al., 1997 introduced the following procedure, and produced ERCC*292 
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strain. They subcloned a 2.8 kb KpnI/XbaI fragment containing ERCC1 murine exons 7–10 

into pTZ19 (Pharmacia) then they introduce a stop codon into mouse ERCC1 exon 10, 

deleting the amino-terminal seven amino acids. To insert the pMC1-neo resistance gene, 

they introduced a unique ClaI restriction site in intron 9, approximately 350 bp upstream 

of exon 10 using primer p82 (5`TAGTACATCGATGGGCGG) (Weeda et al., 1997). Breeding of 

these two genotypes with wild type (ERCC+/+) resulting in genotypes related to ERCC1 gene. 

Full knockout mice of ERCC1 (ERCC1-/-) gene are runted at birth and die before weaning 

(20-28 days) due to liver failure. These mice show evidence of polyploidy in perinatal liver 

and aneuploidy by three weeks of age. Besides, they show an elevation in p53 in many 

tissues (McWhir et al., 1993). The mouse model with Ercc1-/- genotype is short-lived mice. 

To generate mice with longer lifespan; Dolle´ et al. bred heterogeneous ERCC1+/- mice with 

ERCC1+/Δ mice yielding mice with ERCC1Δ/- genotype. Life spans of ERCC1Δ/- mice are 19-26 

weeks in male and 21-29 weeks in the female, therefore shorter compared to wild type 

111-156 weeks in male and 119-146 weeks in the female, but still more than ERCC1-/-. The 

maximum body weight that ERCC1Δ/- mice reach for male and female is about 16.7 g and 

14.8g respectively at 8-9 weeks of age, comparing to 29.8 g and 21 g for wild type. Also, 

they show organs weight loss. Liver lesions have been found in both wild type and ERCC1Δ/- 

at the end of life. However, renal lesions and lymphoid depletion were more prominent in 

ERCC1Δ/- compared to wild type. Dolle´ et al. noticed in general that the changes in aged 

subjects are comparable to ERCC1Δ/-  mice on biological age scale, i.e. occur at the same 

point in their lifespan (Dollé et al., 2011). Therefore, this genotype might be considered an 

excellent accelerated ageing model to study the progeroid syndrome related to DNA repair 

mechanism deficiencies and the effect of ageing in many organs as well. 

 

1.4. Myostatin 

Myostatin is a member of the Transforming Growth Factor-β (TGF-β) superfamily, is mainly 

secreted by skeletal muscle to negatively regulate its growth and development. Myostatin 

is an autocrine/paracrine inhibitor of muscle growth that expressed in cells of the skeletal 

muscle lineage from embryonic to mature cells (McPherron et al., 1997). Overexpression 

of myostatin results in a decrease in muscle fibre cross-sectional area (CSA) and 

subsequently, reduction in muscle mass (Durieux et al., 2007). On the contrary, deletion of 
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myostatin gene produces mice with a phenotype exhibiting a dramatic increase in skeletal 

muscle mass due to hyperplasia, an increase in the absolute number of muscle fibres, and 

hypertrophy, an increase in the cross-sectional area of individual muscle fibre (McPherron 

et al., 1997, Mendias et al., 1985). Myostatin has an inhibitory effect on protein synthesis 

in both myoblast and myotubes (Taylor et al., 2001). It increases the deposition of ECM 

components by inducing proliferation of muscle fibroblast (Li et al., 2008). Myostatin also 

involves in myofibres metabolic profile since its absence leads to loss of oxidative 

properties, with impaired in oxidative enzymes activity, and a reduction in muscle capillary 

density (Savage and McPherron, 2010, Amthor et al., 2007, Lipina et al., 2010). Myostatin 

deletion leads to perturbations in the intermyofibrillar mitochondrial respiration, and that 

was associated with an increase in muscle fatigability (Ploquin et al., 2012) and decline in 

muscle force generation, as well as specific tetanic tension (Amthor et al., 2007). Myostatin 

KO also affects the MHC profile by increase proportion of fast fibres on the expense of slow 

one (Amthor et al., 2007). Not only myofibres affect by myostatin signalling, but satellite 

cells also affected in term of proliferation and differentiation (McCroskery et al., 2003, 

Thomas et al., 2000). 

 

1.4.1 Myostatin signalling pathway 

Mechanism of Myostatin signal initiates an intracellular signalling cascade by binding its 

receptor, the activin type II receptor (ActRIIB), which leads to the recruitment and 

activation of the activin receptor-like kinase 4 and 5 (ALK4 and ALK5) to form a 

heterotetrameric receptor complex (Shi and Massague, 2003). Formation of receptor 

complex was followed by two intracellular signalling cascades activated through 

phosphorylation. One of these signalling start with phosphorylation of Smad2 and Smad3 

and submit them to interact to form a complex with Smad4 that translocates into the 

nucleus, where it is involved in regulating the transcription of target genes (Shi and 

Massague, 2003, Feldman et al., 2006). Another signalling pathway is by inhibiting Akt 

through preventing its phosphorylation, which in turn results in activation of FoxO that 

leads to protein degradation, and hence muscle atrophy through either proteasome or 

autophagy mechanisms (Trendelenburg et al., 2009). In turn, FoxO itself interact with 

myostatin signalling pathway. FoxO1, a member of the Forkhead box O (Fox O) 
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transcription factor family (Murray et al., 2013) have been characterised in the mouse 

Myostatin promoter.  

 

1.4.2 Post-developmental blocking of Myostatin 

Skeletal muscle wasting occurs in a diversity of pathological conditions. Increase in 

Myostatin expression in disease states causing muscle wasting has been well documented 

in many studies. Previous studies have found an increase in Myostatin level in ageing 

subjects (Yarasheski et al., 2002), as well as due to immobilisation or prolonged bed rest 

(Reardon et al., 2001, Zachwieja et al., 1999). Numerous studies have revealed a notable 

increase in muscle mass of a range of species due to Myostatin ablation (McPherron and 

Lee, 1997, Schuelke et al., 2004, Mosher et al., 2007). Therefore, several approaches to 

inhibit Myostatin signalling has been suggested, for the therapeutic potential of stimulating 

muscle growth or preventing muscle loss in settings of conditions that induce muscle 

wasting. For example, Myostatin propeptide which blocks Myostatin signalling was used to 

enhance muscle growth in normal mice and amend the dystrophic characteristics of the 

mdx mice (Matsakas et al., 2009, Bogdanovich et al., 2005). Follistatin, a secreted 

glycoprotein that can bind Myostatin and inhibit its interaction with ActRIIB, has also been 

used and induce muscle mass (Haidet et al., 2008, Nakatani et al., 2008). Moreover, 

neutralising Myostatin by using antibody was able to induce muscle growth (Krivickas et 

al., 2009, Wagner et al., 2008). Interestingly, administration of soluble ActRIIB causes an 

increase in muscle mass of wild type and Myostatin null mice, indicating that in addition to 

Myostatin, there are other ligands bind activin receptor and limit muscle development (Lee 

et al., 2005). Post-natal block of myostatin unlike Myostatin genetic deletion, characterised 

by hypertrophy without hyperplasia (Girgenrath et al., 2005, Lee et al., 2005, Whittemore 

et al., 2003, Zhu et al., 2000).  
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Hypothesis, aims and objectives 

First hypothesis 

The acceleration of ageing in progeric mouse model (Ercc1Δ/-) mice was facilitated by 

accumulation of DNA damage through attenuation of ERCC1 protein, the essential protein 

for the primary DNA repair mechanism. We hypothesise that this progeric mouse model to 

be an excellent platform to studying ageing specifically ageing related loss of muscle mass 

and function, sarcopenia. 

Aims and objectives 

1. To determine whether disruption of ERCC1 causes the muscle to undergo mass 

loss.  

2. To determine whether the acceleration of ageing signs in Ercc1Δ/- mice lead to loss 

of muscle activity. 

3. To determine whether the sarcopenic phenotype of skeletal muscle of Ercc1Δ/- 

mice harbour any metabolic alteration and MHC profile shifting. 

4. To determine whether the Ercc1Δ/- progeric phenotype affect satellite cells 

parameters. 

 

 

Second hypothesis 

The second hypothesis of this project is that antagonising of myostatin/activin signalling in 

Ercc1Δ/- progeric mice could overcome the skeletal muscle ageing signs due do 

accumulation DNA damage via attenuation of DNA damage repair ability of ERCC1 protein. 

Aims and objectives 

1.  To determine whether constraint between maintenance and growth can be 

broken, thereby promote growth with the persistence of DNA damage. 

Therefore, we postulated three possible outcomes of the introducing of sActRIIB 

into Ercc1Δ/- mice: 

a. Mstn blockage cannot prevent muscle wasting in the presence of DNA 

damage. 

b. Inducing muscle growth in progeric mice accelerates the development of 

age-related pathology. 
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c. sActRIIB can prevent muscle loss in Ercc1Δ/-.  

To test this hypothesis and the outcome possibilities, I aim to utilise a panel of assays to 

investigate muscle mass, muscle fibre size, and muscle fibre number.  

2. To determine if antagonising of myostatin/activin signalling can emhance specific 

muscle force generation capacity and physical performance of the progeric animal 

animals. 

3. To determine whether the sActRIIB treatment enhances mechanical force 

transduction apparatus and satellite cells parameters in Ercc1Δ/- progeric mice. 

4. To determine whether the sActRIIB treatment enhance organismal activity and 

affect lifespan in Ercc1Δ/- progeric mice. 

 

Third hypothesis 

I hypothesis that use of inbred control (Ercc1+/+) treated with sActRIIB will behave as same 

as wild type animal with blocking myostatin signalling.  

Aims and objectives 

• To determine whether the outcome of introducing sActRIIB to Ercc1+/+ mice will 

be comparable to those in wild type mice. 
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2.1. Animal maintenance 

The deletion of the ERCC1 gene was considered as embryonically lethal on the inbred 

mouse (Weeda et al., 1997). Control (Ercc1+/+) and transgenic (Ercc1Δ/-) mice were bred as 

previously described (Dollé et al., 2011, Weeda et al., 1997). The mutation has been made 

in the ERCC1 gene in mice. Targeting the ERCC1 gene by knock-out protocol was achieved 

by subcloning a ~9.5 kb HindIII/SalI fragment containing murine ERCC1 exons 6–10 into 

pBR322 (Weeda et al., 1997). A unique ClaI restriction site was generated in exon seven by 

uracil-DNA-mediated mutagenesis (Kunkel et al., 1987). Insertion of the pMC1-neo 

resistance gene (Thomas and Capecchi, 1987), containing a diagnostic BamHI restriction 

site, into the unique ClaI site, yielding pE1NEO7 (Weeda et al., 1997). To generate ERCC1 

gene with moderate effect, also refer as delta (Δ), Weeda et al., 1997 introduced the 

following procedure, and produced ERCC*292 strain. They subcloned a 2.8 kb KpnI/XbaI 

fragment containing ERCC1 murine exons 7–10 into pTZ19 (Pharmacia) then they introduce 

a stop codon into mouse ERCC1 exon 10, deleting the amino-terminal seven amino acids. 

To insert the pMC1-neo resistance gene, they introduced a unique ClaI restriction site in 

intron 9, approximately 350 bp upstream of exon 10 using primer p82 

(5`TAGTACATCGATGGGCGG) (Weeda et al., 1997). Breeding of these two genotypes with 

wild type (ERCC+/+) resulting in genotypes related to ERCC1 gene. These animals were 

maintained by the Animals (Scientific Procedures) Act 1986 (UK) and approved by the 

Biological Resource Unit of Reading University or the Dutch Ethical Committee at Erasmus 

MC. Mice have housed in individually ventilated cages under specific pathogen-free 

conditions (20–22°C, 12–12 hr light-dark cycle) and provided food and water ad libitum. 

Because the Ercc1Δ/- mice were smaller than the wild type, food was administered within 

the cages, and water bottles with long nozzles were used from around two weeks of age. 

Animals were bred and maintained (for the lifespan cohort) on AIN93G synthetic pellets 

(Research Diet Services B. V.; gross energy content 4.9 kcal/g dry mass, digestible energy 

3.97 kcal/g). Post-natal myostatin/activin block was induced in 7-week-old male mice, 

through intraperitoneal (IP) injection with 10 mg/kg of sActRIIB-Fc every week, two times 

till week 16 (Omairi et al., 2016). Each experimental group consisted of a minimum of five 

male mice. The University of Reading experiments were performed on 12 controls, 9 

Ercc1Δ/-, and 14 sActRIIB treated Ercc1Δ/- mice (all male mice). Lifespan experiments were 
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performed on both genders, with five male and five females Ercc1Δ/- mice per treatment 

condition and four males and four female littermate wild-type controls. End-of-life Ercc1Δ/- 

animals, both sActRIIB and mock treated, were post-mortem investigated and scored 

negative for visible tumours, signs of internal bleedings, enlarged spleen size, or abnormally 

coloured heart or enlarged heart size. 

 

2.2. Open Field Animal Activity Monitoring system  

Mice locomotor activity and behavioural pattern were monitored and assessed using an 

Open Field Animal Activity Monitoring system (Linton Instrumentation AM548). Two grids 

of the infrared light beam were produced in two levels by photocells, emitters and 

receptors, set up on an open field chamber. The lower grid measured standard X, Y 

movement, while the upper grid measured rearing movement. Animals activity were 

captured using AMON software, running on Windows PCs. Signals from photocell receptors 

resulted from infrared beam break were recorded due to animal movements. 

Acclimatisation of animals was performed for 30 minutes before recording data. The data 

were collected in an undisrupted environment on three occasions at one-day intervals. The 

total recorded data ware 60 minutes and automatically saved on the computer. Saved data 

were converted to an Excel sheet before analysing it.  

 

2.3. Rotarod 

Rotarod machine (Panlab Harvard Apparatus LE8500) was used for motor activity and 

fatigue characterisation. Mice were held manually by the tail and placed on the central rod 

that rotated at the minimum speed for acclimatisation for one minute. After that the 

rotation rate of the central rod was increased to a maximum of 40 rpm. The mice fall due 

to loose of coordination or fatigue the machine stopped. The rotation rate and time mice 

stayed on the central rod was recorded. 
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2.4. Grip strength to assess forelimb muscle strength. 

In vivo assessment of forelimb muscle maximum force was performed using a force 

transducer (Chatillon DFM-2, Ontario, Canada). All tested animal brought in cages to the 

experimental room ~20 min before testing to ensure calamities, and they are properly 

awake. The grip strength meter was fixed adequately on a desk in a vertical position. Before 

taking each animal measurement, the meter was set to zero. The meter was set to record 

the maximal grip strength in gram. The animal was held by a tail base and lowered to a 

metal bar on a meter to allow the animal to grab the bar by front paws. Once the animal 

grabs the triangular bar, it pulled backwards in the horizontal plane. The strength of grip 

was recorded as a maximal force applying to the meter once the animal releases the bar. 

The measurements were taken just if the animal uses both front paws to grip, otherwise, if 

it uses one front paw or held by hind limb, the record was discard and repeated. The test 

was repeated in two sessions with three trials for each animal to ensure accurate 

measurements. The rest for one minute was allowed between the three trials for each 

animal to allow recovery, and the highest record was taken. Because of differences in body 

weight between animals and to ensure the objectivity of measurement, the grip values 

were normalised to the animal’s body weight that was taken before each measurement.  

 

2.5. Mice euthanasia 

The animals that subjected to dissection in this study were humanely sacrificed via 

Schedule 1 killing by carbon dioxide asphyxiation followed by cervical dislocation. 

 

2.6. Muscle tension measurements 

Dissection of the hind limb was carried out under oxygenated Krebs solution (95% O2 and 

5% CO2). One end of a silk suture was attached to the distal tendon of the EDL and the other 

to a force transducer (FT03). The proximal tendon remained attached to the tibial bone. 

The leg was secured in the experimental chamber. Silver electrodes were positioned on 

either side of the EDL. A constant voltage stimulator was used to directly stimulate the EDL, 

which was stretched to attain the optimal muscle length to produced maximum twitch 

tension (Pt). Tetanic contractions were provoked by stimulus trains of 500 ms duration at, 
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10, 20, 50, 100 and 200 Hz. The maximum tetanic tension (Po) was determined from the 

plateau of the frequency-tension curve. 

 

2.7. Skeletal muscles dissection 

2.7.1. Hind limb muscles dissection 

A group of hind limb muscle including Tibialis anterior (TA), Extensor Digitorum Longus 

(EDL) and Soleus muscles for morphological and cellular features investigation were 

selected because of their fibres type diversity and their ideal anatomical location. 

A circular incision was made through the skin around the proximal end of the thigh to 

expose the hindlimb muscle; then the skin was pulled down to a removed by carefully 

slicing the footplate and pulling the skin distally free by hand. 

 

2.7.1.1. Tibialis Anterior (TA) muscle dissection 

Tibialis anterior is one of medial aspect of anterior surface muscles of the hind limb. The 

covering connective tissue, the fascia layer, was removed, pulling it toward the knee joint. 

Then the distal tendon of TA was cut from the insertion point at the dorsal surface of the 

tarsal and metatarsal bones. The muscle was pulled by the distal tendon until the proximal 

attachment to the tibial tuberosity using the tendon. The TA muscle then removed by 

cutting it at its origin.  

 

2.7.1.2. Extensor Digitorum Longus (EDL) muscle dissection 

The anatomical location of EDL is on the lateral part of the anterior surface of the hindlimb. 

On its proximal end, EDL has two tendons attached to the lateral condyle of the tibia and 

the head and anterior surface of the fibula, however, they appear as one tendon run 

laterally to the knee joint. The EDL muscle itself lies laterally and under the TA muscle. The 

tendon of the EDL has four parts on the distal end, which then run down to insert on the 

dorsal surface of phalanges of the four digits. The four distal EDL tendons were cut and 

pulled proximally to the knee, and then the two proximal tendons of the EDL were cut.  
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2.7.1.3. Gastrocnemius and Soleus muscles dissection 

The gastrocnemius and the soleus muscles lie at the posterior side of the hindlimb. The 

gastrocnemius two heads originate from the lateral and medial condyle of the femur. 

Whereas the Soleus muscle attached to the head of the fibula and the medial side of the 

tibia bone shaft. The fascia layer and Biceps femoris covering gastrocnemius muscle were 

removed, thus exposing it. The distal tendons of both gastrocnemius and the soleus were 

cut, and the muscles were pulled together proximally to the knee. The proximal tendon 

was cut for both muscles after separating them by forceps. 

 

2.7.2. Forelimb muscles dissection 

Biceps brachii (BB) and Extensor carpi radialis longus (ECRL) muscles were dissected to be 

used in transmission electron microscopy (TEM) technique for investigating ultra-

structures of skeletal muscle. After dissection, both muscles were placed directly into 

fixative solution (2.5% Glut in 0.1 M Na-Cacodylate pH 7.4).  

 

2.7.2.1. Biceps brachii (BB) muscle dissection 

Biceps brachii lies anteriorly to the humerus bone and covered with a layer of the fascia. 

This layer was removed with part of the pectoral muscle to expose the origin of the tendon. 

The proximal and distal tendons of BB muscle were cut, and the whole muscle was released. 

The Biceps Brachii muscle then transferred immediately into fixative solution (2.5% Glut in 

0.1 M Na-Cacodylate pH 7.4). 

 

2.7.2.2. Extensor Carpi Radialis Longus (ECRL) muscle dissection  

Extensor Carpi Radialis Longus muscle lies on the medial side of the arm, the ulna bone. In 

order to expose the ECRL muscle, the covering fascia layer was removed, and the muscle 

was detached from all surrounding muscles. The proximal tendon severed from the lateral 

condyle of the humorous and the distal then cut from the lateral dorsal surface of the base 

of the third metacarpal bone and ECRL muscle was removed and transferred immediately 

into the fixative solution. 
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2.8. Ex vivo skeletal myofibre experimentation 

2.8.1. Isolation of intact single myofibres of EDL muscle 

The EDL muscle was subjected to use in single fibres experiment since it is relatively easy 

to get entire muscle with a long tendon from both sides. The EDL was placed after 

dissection in 1ml of 2% type 1 collagenase (2mg/ml). Then the muscles were incubated at 

37°C, 5% CO2 in the same solution. The individual muscle fibre is beginning to peel away 

from the muscle after approximately 30 minutes. The majority of myofibres were separated 

from muscle after incubated for 1.5 - 2 hours. Myofibres then transfer to a Petri dish and 

visualise with a stereomicroscope (Nikon SMZ1500). The myofibres were washed twice in 

Dulbecco's Modified Eagle Medium (DMEM), and twice with Single Fibre Culture Medium 

(SFCM). Then the myofibres even fixed for start point analysis, time zero (T0), or for 72 hr, 

however, a time point of 12, 24 and 48 hr were also fixed to follow up the progression of 

stem cell profile. Paraformaldehyde 2% were used to fix myofibres and kept at 4°C. 

 

2.8.2. Satellite cell culture 

Single myofibres were cultured in SFCM in a humid incubator at 37°C, 5% CO2 and 

incubated for the required time. After incubation for 12, 24, 48 and 72 hr, each time point 

myofibres then fixed with PFA and keep at 4°C for immunocytochemistry. 

 

2.9. Tissue freezing and preparing for cryosectioning 

Dissected muscles were weighed, and slow freeze using the frozen surface of isopentane 

by liquid nitrogen (LN2) then kept in a tube in -80°C. The muscle was blocked in cryo-

embedding medium (Optimal Cutting Temperature compound (OCT) (TAAB O023)) and 

freeze by half immersed in prechilled alcohol. By using cryostat, a 10 μm transverse sections 

for each muscle were obtained and transferred to poly-L-Lysine coated slides.   
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2.10. Haematoxylin & Eosin 

Muscle sections were dewaxed in xylene and rehydration in ethanol before incubation with 

Harris Haematoxylin solution (Sigma HHS16) for 30 seconds to visualised nuclei. After that 

transfer to Eosin solution (Sigma-Aldrich 318906) for 2 minutes to stain cytoplasmic protein 

materials. The sections were then dehydrating in ascending ethanol concentrations, 

cleared with xylene and mounting by DPX medium.   

 

2.11. Histological analysis and immunohistochemistry 

Following dissection, the muscle was immediately frozen in liquid nitrogen-cooled 

isopentane and mounted in Optimal Cutting Temperature compound (OCT) (TAAB O023) 

cooled by dry ice/ethanol. Immunohistochemistry was performed on 10 μm cryosections 

that were air-dried at RT for 30 min before the application of block wash buffer (PBS with 

5% foetal calf serum (v/v), 0.05% Triton X-100). Antibodies were diluted in wash buffer 30 

min before using. Fluorescence-based secondary antibodies were used to detect all 

primary antibodies except for CD-31 where the Vectastain ABC-HRP kit was deployed 

(Vector PK-6100) with an avidin/biotin-based peroxidase system and DAB peroxidase (HRP) 

substrate (Vector SK-4100). Morphometric analysis of muscle fibre size was performed as 

previously described (Matsakas et al., 2012). Details of primary and secondary antibodies 

are given in Appendix 1. 

 

2.12. Succinate dehydrogenase staining (SDH) 

Muscle cryo-sections were incubated for 3 min at room temperature in a sodium 

phosphate buffer containing 75 mM sodium succinate, 1.1 mM Nitroblue Tetrazolium 

(Sigma-Aldrich) and 1.03 mM Phenazine Methosulphate (Sigma-Aldrich). Samples were 

then fixed in 10% formal-calcium finally applied hydro mount and coverslip. 

2.13. Dihydroethidium (DHE) staining 

Sectioned slides were dried for 30 minutes at room temperature. The sections were 

rehydrated using PBS then incubated with DHE (50 μmol/L in PBS Sigma D7008) for 30 
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minutes at 37°C in the dark. Counterstain for nuclei was DAPI-containing fluorescent 

mounting medium. 

 

2.14. Transmission electron microscopy 

This work has been done by Oliver Kretz, University of Freiburg, Germany. 

Biceps muscle was briefly fixed with 4% Paraformaldehyde (PFA) and 2.5% glutaraldehyde 

in 0.1 M cacodylate buffer pH 7.4 in-situ at RT then dissected, removed and cut into pieces 

of 1 mm3 and fixed for 48h in the same solution at 4°C. Tissue blocks were contrasted using 

0.5% OsO4 (Roth, Germany; RT, 1.5 hr) and 1% uranyl acetate (Polysciences, Germany) in 

70% ethanol (RT, 1 hr). After dehydration, tissue blocks were embedded in epoxy resin 

(Durcupan, Roth, Germany) and ultrathin sections of 40 nm thickness were cut using a Leica 

UC6 ultramicrotome (Leica, Wetzlar, Germany). Sections were imaged using a Zeiss 906 

TEM (Zeiss, Oberkochen, Germany) and analysed using ITEM software (Olympus, 

Germany). 

 

2.15. Protein expression by immunoblotting 

Frozen muscles were pulverised with pestle and mortar. Then the muscle powder 

solubilised in 50 mM Tris, pH7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 10% glycerol, 

1%SDS, 1%Triton X-100, 1XRoche Complete Protease Inhibitor Cocktail, 1X Sigma-Aldrich 

Phosphatase Inhibitor Cocktail 1 and 3. Proteins were denatured in Laemmli buffer and 

resolved on 10% SDS-PAGs before immunoblotting and probing with antibodies and the 

SuperSignal West Pico Chemiluminescent substrate (Pierce). Details of antibodies are given 

in Appendix 1. 

 

2.16. Quantitative PCR 

50-100mg of Gastrocnemius muscle was solubilised in TRIzol (Fisher) using a tissue 

homogeniser. Total RNA was prepared using the RNeasy Mini Kit (Qiagen, Manchester, UK). 

5μg RNA was reverse-transcribed to cDNA with SuperScript II Reverse Transcriptase 

(Invitrogen), and analysed by quantitative real-time RT-PCR on a StepOne Plus cycler, using 
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the Applied Biosystems SYBR-Green PCR Master Mix. Primers were designed using the 

software Primer Express 3.0 (Applied Biosystems). Relative expression was calculated using 

the ΔΔCt method and normalised to cyclophilin-B and Hypoxanthine-Guanine 

phosphoribosyl Transferase (HPRT). Primers sequences are given in Appendix 3. 

 

2.17. Protein Synthesis measure 

The relative rate of protein synthesis was measured using the surface sensing of translation 

method (SUnSET). Mice were injected precisely 30 minutes before tissue collection with 

0.04 μmol/g body mass puromycin into the peritoneal cavity and then returned to their 

cages. After tissue collection, muscles were solubilised as for Western blotting and then 

pulled through a slot blotting chamber facilitating the transfer of protein onto a nylon 

membrane. After that the membrane was processed ideally to a Western blot.  

 

2.18. In vivo Post-natal blocking of Myostatin 

2.18.1. Intraperitoneal injection of soluble activin receptor IIB (sActRIIB)  

Seven weeks-old males’ control (Ercc1+/+) and Ercc1Δ/- mice were injected intraperitoneally 

twice weekly with 10 mg/kg of the soluble activin receptor IIB (sActRIIB) for a total period 

eight weeks before culling. To exact dosage, the animals were weighed before injection. 

The sActRIIB was administrated intraperitoneally using 30G, 8 mm long 1 mL insulin needles 

(Insumed 3079264). The animals were monitoring at the day of injection, and the day after 

to ensure they are not developing post-injection bleeding or reaction. 

2.19. Imaging and analysis 

Zeiss Axioskope2 microscope was used in Haematoxylin and Eosin (H&E), Succinate 

Dehydrogenase (SDH) and CD31 stained sections and images were captured using an 

Axiocam digital camera with Zeiss Axiovision computer software version 4.8. Fluorescence 

microscope (Zeiss AxioImegar A1) was used to examine immunofluorescent stained 

sections, and images were captured using an Axiocam digital camera with Zeiss Axiovision 

computer software version 4.8. Photoshop CS3 was used to merge and reconstructed 
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image for to examine entire muscle, then ImageJ software was used for counting and 

thickness analysis and Axiovison software version 4.8 was used for measure the myofibres 

cross-sectional area (CSA). 

 

2.19. Statistical analysis 

Data are presented as mean ± SE. The D’Agostino-Pearson omnibus test checked data 

normal distribution. Significant differences between two groups were performed by the 

Student’s t-test for independent variables. Differences among groups were analysed by 

one-way analysis of variance followed by Bonferroni’s multiple comparison tests or the 

non-parametric Kruskal–Wallis test followed by the Dunn’s multiple comparisons as 

appropriate. Statistical analysis was performed on GraphPad Prism 5 (La Jolla, USA). 

Lifespan, onset of neurological phenotypes, and body weight decline were statistically 

analysed with the survival curve analysis using the product-limit method of Kaplan and 

Meier with Log-rank Mantel-Cox test in GraphPad Prism. Differences were considered 

statistically significant at P < 0.05. 
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Chapter 3 Results 

Characterisation of skeletal muscle in the 
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3.1. Introduction  

The skeletal muscle has been extensively studied for its adaptation ability in term of 

qualitative and quantitative changes in response to physiological and environmental 

stimuli. These factors include innervation, genetic background, neuromuscular activity, 

exercise training, mechanical loading/unloading, and ageing (Pette and Staron, 2001). 

Further investigations focusing on skeletal muscle protein expression profile in responce to 

changed in fibres size and metabolic properties (Matsakas and Patel, 2009).  

In human at middle age the skeletal muscle lost about 0.5-1% of mass per year, which 

dramatically increases in the seventh decade (Nair, 2005). Age-related muscle loss 

(sarcopenia) leads to a disproportionate decrease in strength (1.5-5%/year), implying a 

reduction in both the quality and quantity of the tissue (Keller and Engelhardt, 2013). 

Sarcopenia invariably leads to a reduced quality of life by impacting on mobility and 

stability, which leads to an increase in the incidence of fall-related injuries. Moreover, 

sarcopenia predisposes individuals to adverse disease outcomes (cardiovascular and 

metabolic diseases) and mortality (Srikanthan and Karlamangla, 2014, Kim et al., 2015).  

Increase in the mass of skeletal muscle is dependent on the fibre number (hyperplasia) and 

fibre size (hypertrophy). However, genetic background and animal breed are significant 

factors that determine muscle mass (Martyn et al., 2004). As skeletal muscle makes up 

about 40% of live animal body mass, therfore decrease and increase in skeletal muscle mass 

is reflected on animal body weight. Change in skeletal muscle fibres number or cross-

sectional area (CSA) of fibres affects muscle mass and body weight. As the myofibres 

numbers are defined at the prenatal stage, the post-natal muscle growth is accomplished 

by a fusion of skeletal muscle resident stem cells, satellite cells, to the existing myofibres 

(Sandri, 2008). Upon fibres growth, the newly formed myonuclei differentiated from 

satellite cells move to the centre of myofibres (Cadot et al., 2012); however, the centrally 

located fibres are evidence for some disease and physiological conditions such as 

degeneration-regeneration process (Duddy et al., 2015).  

Skeletal muscle differs in term of a specific protein expressing, including myosin heavy 

chain (MHC), and each muscle is composed of a mixture of these proteins. Fibres expressing 

different myosin heavy chains have various metabolic requirements and contractile speeds. 
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The size of fibres has an inverse relationship with the oxidative capacity, explaining why the 

small fibres are oxidative and large fibres glycolytic (van Wessel et al., 2010). 

Developing mouse models that undergo accelerating ageing allows to design experiments 

and investigate the effect of treatment in short time since these animals living entire life 

spam in the shortened period. The reduction in time also compress the cost of housing 

animal till late ages, and it is a relatively long period. Investigating the hallmark of ageing 

in the progeric mouse and does it mimicking the natural ageing or not to approve the use 

of this model as a platform for ageing studies. 

The platform mouse model that we use in this study, Ercc1Δ/-, show accelerated ageing 

phenotype, however, that in some aspects are much more severe than in geriatric wild-

type mice (Dolle et al., 2011, Gregg et al., 2012, Vermeij et al., 2016b). This phenotype is 

related to accelerate the rate of accumulation of DNA damage due to attenuation of the 

essential element in the DNA repair mechanism. Particularly, attenuation of Excision repair 

cross-complementation 1 activity, a key component of several DNA repair pathways 

including nucleotide excision repair (NER) (Sijbers et al., 1996), in this hypomorphic mutant 

mice lead to progressively show signs of ageing in all organs from about eight weeks of age. 

Among these organs, the skeletal muscle, the subject of this chapter, was also affected by 

genetic disruption of the ERCC1 gene (Dollé et al., 2011).  

Here we investigate and describe the main features of skeletal muscles in a male progeric 

mouse model (Ercc1Δ/-) in comparison to control (Ercc1+/+) group to show its similarities to 

aged sarcopenic skeletal muscle in its reliability as an ageing model.  

Two cohorts of male mice (Control (Ercc1+/+) and Ercc1Δ/-) were bred, housed under 

standard environmental conditions and provided food and water ad libitum in the 

Biological Resource Unit, University of Reading. Mice have housed in individually ventilated 

cages under specific pathogen-free conditions (20–22°C, 12–12 hr light-dark cycle) to end 

of experiments, age of 16 weeks. 

The hind limb muscles (Extensor digitorum longus (EDL), Tibialis Anterior (TA), 

Gastrocnemius, Soleus and plantaris) were isolated and weighed. These muscles have been 

selected because they represent a spectrum of myofibres composition. Then muscles were 

frozen, cryosectioned and immunostained using antibodies for myosin heavy chains (MHC) 

(types I, IIA and IIB) to determine total muscle fibre number and types and size (CSA) of 

fibres. For the total fibres number count, the sections of mid belly part of all muscles for 
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both cohorts were analysed. These sections were stained to detect MHC isoform and used 

to count the total fibre number. Sections also use to determine the oxidative capacity by 

detecting the level of succinate dehydrogenase (SDH) activity. Additionally, EDL muscles 

were incubated in collagenase for single fibres isolation and satellite cells experiment. The 

procedures and technique used in this chapter were explained in detail in the methods 

chapter. 

The main observations of this chapter are, firstly, muscles from Ercc1Δ/- are lighter than the 

control group, and the CSA of all fibres type from skeletal muscle of progeric mice were less 

than the control group. Secondly, the skeletal muscle fibres from Ercc1Δ/- tend to shift to 

glycolytic and fast profile compared to the control group. Finally, the satellite cell number 

was reduced in freshly isolated fibres and even after 72hr culture in Ercc1Δ/- mice compared 

to the control group. Moreover, satellite cells from progeric mice do not follow the normal 

differentiation profile of the control group.  
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3.2. Body weight and skeletal muscle mass in an Ercc1Δ/- mice. 

Body weight was recorded in two-time points in both control and Ercc1Δ/- group. As early 

as the 4-week-old, there was a significant difference between the control group and 

Ercc1Δ/- group. The body weight was less by about 50% in Ercc1Δ/- mice compared to the 

control group (Figure 3.1. A). Thene the mice grow, and at the age of 16 weeks, the body 

weight of progeric mice just increased by 23% of 4 weeks old and was still lower than the 

control group. The control group increased by 45% of their weight at four weeks (Figure 

3.1. B).  

Fresh muscles weight was taken directly after dissection. Five muscle group were weighed 

(including EDL, TA, Gastrocnemius, Soleus, and Plantaris). The progeric muscle was 

significantly lighter by 52%, 51%, 54%, 40% and 50% in EDL, TA, Gastrocnemius, Soleus, and 

Plantaris than control group respectively (Figure 3.2. A-E).  
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Figure 3.1. The disruption of ERCC1 gene lead to runted phenotype. 

Body weight in Control and Ercc1∆/- group (A) at early as 4 weeks old and (B) at 16 weeks old. 

n= 6 male mice from each cohort. Student’s t-test, *<0.05,**<0.01, ***p<0.001. 
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Figure 3.2.  Ercc1Δ/- hind limb skeletal muscles show reduces in weight compared to control 

group. 

Muscle weight of 16-week old male Ercc1Δ/- mice. (A) extensor digitorum longus (EDL), (B) tibialis 

anterior(TA), (C) Gastrocnemius, (D) Soleus and (E) Plantaris. All animals were 16 weeks old at 

the time of dissection from both cohorts. n= 6 male mice from each cohort. Student’s t-test, 

*<0.05,**<0.01, ***p<0.001. 
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As the Ercc1∆/- mice have a runt phenotype and to make more reliant comparsion between 

progeric and control mice, we did a normalisation to muscle weight. The normalisation in 

many studies performed related to body weight; however, here we did normalise to tibia 

length. The body weight fluctuated with ageing and so in progeric mice, making it an 

unreliable reference for normalising. In contrast, the tibial length, which remains constant 

after maturity (Yin et al., 1982). Therefore, we normalised the muscle weight to tibia length 

in both control and Ercc1Δ/- in EDL, TA, Gastrocnemius, Soleus, and Plantaris. All normalised 

Ercc1Δ/- muscles were significantly lower than the control group by 41%, 39%, 45%, 40% 

and 46% in EDL, TA, Gastrocnemius, Soleus, and Plantaris respectively (Figure 3.3. A-E).  

Taken together, these data show that the progeric phenotype resulting from disrupting 

ERCC1 gene accompanied by sarcopenia, loss of muscle mass, in all examined muscle. The 

sarcopenic muscles contributed significantly to body weight loss.   
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Figure 3.3. Hind limb skeletal muscle weight of progeric mice still lower than the control group. 

Normalized muscle weight to tibia length of 16-week old male Ercc1Δ/- mice. (A) EDL, (B) TA, (C) 

Gastrocnemius, (D) Soleus and (E) Plantaris. All animals were 16 weeks old at the time of 

dissection from both cohorts. n= 6 male mice from each cohort. Student’s t-test, 

*<0.05,**<0.01, ***p<0.001. 
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3.3. Fibres size and fibres number in an Ercc1Δ/- mice. 

Loss of muscle mass in mutant mice was not related to hypoplasia (decrease the fibre 

number). Surprisingly we found an increase in fibre count in EDL and Soleus muscle. In EDL 

muscle, the fibre number was significantly higher in Ercc1Δ/- group compared to the control 

group (Figure 3.4. A) and the same trend found in Soleus albeit was not significant (Figure 

3.4. B).  As the centrally located nuclei is a sign of newly formed fibre, damage and repair 

processes, we count the percentage of the centrally located nucleus. EDL centrally located 

nuclei fibres in Ercc1Δ/- were twofold more significant than the control group and three-fold 

in Soleus muscle (Figure 3.5. A-B).  
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Figure 3.4. ERCC1 disruption increase fibres number in progeric mouse model. 

Muscle fibres count. (A) EDL and (B) soleus fibre number count. (C) Representative image of EDL 

muscle immunostained against MHC IIb and IIa for control and Ercc1∆/- mice. (D) Representative 

image of Soleus muscle immunostained against MHC IIb and I for control and Ercc1∆/- mice.  

Whole muscle sections were counted for EDL and soleus muscles in both cohorts. All animals 

were 16 weeks old at the time of dissection from both cohorts. n= 6 male mice from each cohort. 

Student’s t-test, *<0.05,**<0.01, ***p<0.001. 
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Figure 3.5. Abundance of centrally located nuclei in EDL and Soleus muscle from Ercc1Δ/- mice. 

Frequency of centrally located nuclei in the (A) EDL and (B) soleus at 16 weeks. (C) representative 

images of EDL muscle for both progeric and control stained with H&E to detect centrally located 

nuclei. (C) representative images of Soleus muscle for both progeric and control stained with 

H&E to detect centrally located nuclei. The black arrows indicate the centrally located nuclie. 

Whole muscle sections were counted for EDL and soleus muscles in both cohorts and centrally 

located nucleuses presented as percentage regarding total fibres number. All animals were 16 

weeks old at the time of dissection from both cohorts. Scale is 200µm. n= 6 male mice from each 

cohort. Student’s t-test, *<0.05,**<0.01, ***p<0.001. 
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The decrease in muscle weight in progeric mice resulted from a decrease in fibre size, not 

the fibre number in all analysed muscles. The decrease in the cross-sectional area was 

noted in all fibres types (I, IIa, IIx, and IIb), where the CSA was less in Ercc1Δ/- group in EDL, 

Soleus and TA, compared to control group. In EDL muscle, a glycolytic muscle, the CSA area 

for all three types of fibres IIa, IIx and IIb were significantly less in Ercc1Δ/- compared to the 

control group (Figure 3.6. A). The trend was the same for CSA in the oxidative muscle, 

Soleus, especially in fibres type IIa and IIx, they were significantly lower compared to the 

control group. The most oxidative fibres in Soleus muscle, type I, were smaller but did not 

reach statistical significance (Figure 3.6. B). Lastly, for fibres area, we analysed the TA 

muscle as two areas as it has a superficial glycolytic (fast) and deeper oxidative (slow) areas. 

The primary two fibres type in the TA superficial area, IIx, and IIb were smaller in Ercc1Δ/- 

compared to the control group, however type IIx fibres did not reach statistical significance 

(Figure 3.6. C). The cross-sectional area in the deep oxidative area of TA followed the trend 

of fibres in other muscle. The CSA area of the primary three fibres types in TA deep area, 

IIa, IIx, and IIb, were significantly smaller in the progeric group compared to the control 

group (Figure 3.6. D).  

These data, in general, show that the decrease in muscle weight resulted from a decrease 

in the cross-sectional area of all fibres type in all examined muscle. However, hyperplasia 

was found in EDL, and Soleus muscle did not rescue the muscle loss.  
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Figure 3.6. Myofibres of hind limb muscle from Ercc1Δ/- mice show smaller CSA than their 

counterpart myofibres from control mice. 

Skeletal muscle fibre CSA of type I, IIa, IIx and IIb in (A) EDL, (B) soleus and the (C) deep and 

(D) superficial regions of the TA in relation of MHCs isoform expression. (E) Representative 

image of EDL immunostained against MHC proteins, green is IIa, red is IIb and nonstained is 

IIx fibres for both progeric and control mice. (F) Representative image of soleus muscle 

immunostained against MHC proteins, green is IIa, red is I and nonstained is IIx fibres for 

both progeric and control mice. Representative image of (G) TA superficial  and (H) TA deep 

muscle immunostained against MHC proteins, green is IIa, red is IIb and nonstained is IIx 

fibres for both progeric and control mice. Whole muscle sections were counted for EDL and 

soleus muscles in both cohorts, and 100 fibres were measure for TA muscle CSA in each parts, 

superficial and deep, in both cohorts. All animals were 16 weeks old at the time of dissection 

from both cohorts. scale bar is 100 µm. n= 6 male mice from each cohort. Student’s t-test, 

*<0.05,**<0.01, ***p<0.001. 
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3.4. The skeletal muscle fibres MHC profile and metabolic status in an Ercc1Δ/- mice 

compared to the control group 

Next, we investigate the myosin heavy chains (MHCs) expression. EDL muscle mainly 

expresses the fast type of myosin, IIb, as well as IIa and IIx (21.8%, 16.8% and 61.4% for 

MHC type IIa, IIx, and IIb) in the control group but this was 14%, 11% and 73% in Ercc1Δ/- 

group. The dominant fast fibres IIb in EDL were significantly higher in progeric mice with 

significant decrease proportion in type IIa and a significant increase in type IIx, compared 

to control group (Figure 3.7. A).  The mostly expressed slow fibre (type I) skeletal muscle, 

Soleus muscle, was showing no significant shifting toward fast fibres profile. The primary 

slow fibre in this muscle, type I MHCs had not changed with the proportion of 44.6% and 

44.2% in the control group and Ercc1Δ/- respectively. The other two fast fibres type, IIa, and 

IIx also showed no significant differences between Ercc1Δ/- and control group. The fast fibre, 

IIa, with the proportion of 47% and 44%, and another fast fibre, IIx, was with the proportion 

of 8% and 11% in control and Ercc1Δ/- group respectively group (Figure 3.7. B). TA muscle 

was considered has two different areas depending on MHC expression, the superficial and 

deep areas. The superficial part of TA muscle shows something similar to that reported in 

natural aged; the MHCs muscle protein was shifted toward the slower profile. The 

proportion of MHCIIa was 1.8% in control and increased to 12% in Ercc1Δ/- group. In 

contrast, the proportion of type IIx and type IIb fibres were 17% and 80% in the 

control group which was decreased to 10.5% and 77% in Ercc1Δ/- group respectively (Figure 

3.7. C). In the deep area, there were shifts in the proportion of fibres MHC profile in Ercc1Δ/- 

compared to the control group. The proportion of type IIa and type IIx fibre was significantly 

lower in Ercc1Δ/- compared to control group with 12% and 10.6% for the progeric group and 

18% and 19% for control group respectively. The most abundance fibre type IIb was 

significantly higher in Ercc1Δ/- group compared to the control group with a proportion of 

77% and 62.3% respectively (Figure 3.7. D).  
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Figure 3.7. Shifting of myosin heavy chain profiling in in Ercc1Δ/- mice hind limb. 

MHC isoform (type I, IIa, IIx and IIb) profile detected by immunostaining used specific antibodies 

for MHC proteins in (A) EDL, (B) Soleus and (C) deep and (D) superficial regions of the TA from 

control Ercc1+/+ and progeric Ercc1Δ/- mice. Whole muscle was analysed by counting the specific 

MHC type and presented as a percentage, however in TA muscle the defined area were choose 

in deep and superficial area for analyses. (E) Representative image of EDL immunostained 

against MHC proteins, green is IIa, red is IIb and nonstained is IIx fibres for both progeric and 

control mice. (F) Representative image of soleus muscle immunostained against MHC proteins, 

green is IIa, red is I and nonstained is IIx fibres for both progeric and control mice. Representative 

image of (G) TA superficial  and (H) TA deep muscle immunostained against MHC proteins, green 

is IIa, red is IIb and nonstained is IIx fibres for both progeric and control mice. Whole muscle 

sections were counted for EDL and soleus muscles in both cohorts and 100 fibres were analyses 

for TA in superficial and deep regions in both cohorts. All animals were 16 weeks old at the time 

of dissection from both cohorts. scale bar is 100µm.n= 6 male mice from each cohort. Student’s 

t-test, *<0.05,**<0.01, ***p<0.001. 
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Next, we investigated the metabolic status by using a biochemical stain, succinate 

dehydrogenase stain (SDH). Analysing of two muscle, EDL and Soleus revealed a glycolytic 

shift in the progeric group compared to the control group.  In EDL muscle, the percentage 

of oxidative fibres was significantly less in Ercc1Δ/- group compared to the control group, 

(38.3% and 49.4%) (Figure 3.8. A). The effect of modulating Ercc1 gene had the same effect 

in oxidative muscle, soleus muscle. The percentage of oxidative fibre was 55.9% in control 

group and significantly lower (50.4%) in Ercc1Δ/- (Figure 3.8. B).  

Altogether, this set of data shows the trend of skeletal muscle fibres shifting profile 

regarding contractile speed and metabolic status in the progeric mouse model. There was 

an overall shift toward fast and more glycolytic profile compared to the control group.  
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Figure 3.8. Myofibres from Ercc1Δ/- hind limb skeletal muscle was less oxidative than the control 

group. 

Sections from EDL and Soleus muscle were incubated with succinate dehydrogenase substrate to 

detect its activity as a marker for oxidative phosphorylation and abundant of mitochondria. Whole 

muscle sections were analyses and the dark fibres were considered as positive (oxidative) fibres 

and pale fibres considers as negative (non-oxidative) fibres. (A) Oxidative and non-oxidative fibre 

percentage detected by SDH activity EDL and (B) soleus. (C) representative images of EDL muscle 

sections stained with SDH for both control and progeric mice. (D) representative images of soleus 

muscle sections stained with SDH for both control and progeric mice. Whole muscle sections were 

counted for EDL and soleus muscles in both cohorts. All animals were 16 weeks old at the time of 

dissection from both cohorts. n= 6 male mice from each cohort. Student’s t-test, *<0.05,**<0.01, 

***p<0.001. 
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3.5. The satellite cell profile and proliferation capacity in the Ercc1Δ/- mice compared to 

the control group 

The muscle growth and regeneration rely in part on skeletal muscle resident stem cell, 

satellite cell, and its activity. Therefore we analysed the single fibres to investigate the 

satellite cells number and activity. EDL muscle fibres were isolated as a single fibre and used 

for analysing. The number of satellite cell that shows positive Pax7 were counted in the 

fresh sample (T0) and then cultured for 72hr (T72) and investigated at 24hr (T24), 48hr 

(T48), and T72. For the satellite cell activation and differentiation status, we analyse the 

cells in T72. For fresh fibres (T0), we counted the number of satellite cell on both control 

and Ercc1Δ/- groups. 

The satellite cells were significantly lower in Ercc1Δ/- group with a mean of 2 satellite cell 

per fibre compare to 3.65 in the control group (Figure 3.9. A). The proliferation of satellite 

cell starts as in 24hr in control group, we show it grew up by about a 0.5 cell and reach to 

4.13, while in progeric muscle it had just increased by 0.02 and was still significantly 

different to control group at T24 (Figure 3.9. B). By 48hr of culture, the control group 

proliferated and increased the number by 2.5-fold, whereas the increase in the Ercc1Δ/- 

group was 1.75-fold compared to T0. The difference was significant at T48 between control 

and Ercc1Δ/- group (Figure 3.9. C). After 72 hours of incubation, the satellite cell number in 

Ercc1Δ/- grew to 2.5 cells per fibre, and it is significantly lower than control that reaches to 

11.9 cells per fibres (Figure 3.9. D). 

Proliferating stem cell grows as clusters on the surface of the single fibre. Then we counted 

the clusters per fibres starting from T24. Control group fibres had more clusters per fibre 

(3.97) than Ercc1Δ/- group (2 clusters per fibre (Figure 3.9. E)). The cluster number doubled 

in the control group by 48hr culture to reach 6.4 clusters per fibres and it significantly lower 

in Ercc1Δ/- group with 2.86 clusters per fibre (Figure 3.9. F). By the end of the culture period 

(T72), the cluster in control group increase by one cell compared to T48 and it was still 

significantly higher than Ercc1Δ/- fibres that lost some clusters by an average of 1.8 clusters 

per fibres (Figure 3.9. G). Then we investigate the proliferation of single cell growing to the 

cluster. At the T24 and T48, there was no significant difference between the control and 

Ercc1Δ/- group (Figure 3.9. H-I). The proliferation rate of a single cluster was higher in control 

compared to Ercc1Δ/- mice at T72 with 1.7 and 1.3 cell/cluster, respectively (Figure 3.9. J).   
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Then we investigate the quiescence/differentiation status of satellite cell at T72 by looking 

at specific markers (Pax7/Myogenin). We show that about 80% of the satellite cells from 

the control group had differentiated and were expressing the differentiation marker 

myogenin (MyoG) and it is significantly at higher levels than the satellite cells from Ercc1Δ/- 

group which express the marker (57%). The percentage of quiescence marker, Pax7, were 

significantly more in Ercc1Δ/-, 43%, compared to the control group (20%) (Figure 3.9. K).  

In summary, the examination of satellite cell on single fibres from EDL muscle shows that 

the Ercc1Δ/- progeric mice have significantly fewer cells compared the control group. 

Furthermore, the satellite cell in the progeric group failed to follow the normal proliferation 

and differentiation regime of the control group.    
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Figure 3.9. Examination of satellite cell number and status in Ercc1Δ/- and control group in 

fresh and cultured fibres. 

Satellite cell and progeny enumeration on (A) fresh and (B-D) cultured EDL fibres over for 

72hours. (E-G) Enumeration of satellite cell clusters on cultured EDL fibres. (H-J) number of 

satellite cell per cluster on cultured EDL fibres. (K) Quantification of proportion of stem cells 

(Pax7+/Myogenin-) and differentiated cells (Pax7-/Myogenin+) on EDL fibres after 72h 

culture. (L) Representative images of control and progeric fibres examined at 72 hr for 

expression of myogenin (red) and Pax7 (green). Arrows indicated satellite cell progeny. Fibres 

collected from 3 mice from both cohorts and minimum of 20 fibres examined. Scale bar is 

50µm. n= 6 male mice from each cohort. Student’s t-test, *<0.05, **<0.01, ***p<0.001. 
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3.6. Discussion 

The need for the progeric model to study the changes in ageing phenotype and to develop 

a suitable cure for diseases and disorders in ageing subjects has grown in the last decades. 

Designing an experiment and testing a treatment on naturally aged mice is relatively 

challenging because of time and cost. Furthermore, these models could be used to study 

both ageing-related diseases and disorders, also progeroid syndrome. Hence one of the 

essential causes that drive ageing is an accumulation of DNA damage, the mouse model 

with a defect in DNA damage repair system was therefore generated. We used a mouse 

model that has increased rate of accumulation of DNA damage due to genetic modification 

in Ercc1 gene that makes it less active. This mouse model has accelerated ageing phenotype 

with many similarities with naturally aged mice (Dolle et al., 2011).  

We used the Ercc1Δ/- mice as a platform of our experiment, and here we investigated and 

characterised the changes that are related to sarcopenia.  

Ageing, along with factors such as altered neuromuscular activity, exercise training, 

mechanical loading/unloading, and hormonal profile influence skeletal muscle fibres 

profile. The changes in MHC isoforms tend to follow a general scheme of sequential 

transition from fast to slow and from slow to fast: MHCIβ ↔ MHCIIA ↔MHCIID ↔ 

MHCIIB (Pette and Staron, 2001). There was evidence of MHC profile shifting toward the 

slow profile with ageing, in fact, it more likely happens because of reduction of type 2 fibres 

(Lexell et al., 1983) rather than shifting (Aoyagi and Shephard, 1992). Accelerated ageing 

progeria syndrome patient related to ERCC1 gene, XPF-ERCC1 and progeria mouse model 

of Ercc1-/- both show the signs of sarcopenia (Niedernhofer et al., 2006). In this chapter, we 

have characterised the features of skeletal muscle from a mouse model of progeria with 

Ercc1Δ/- genotype compared to Ercc1+/+ as a control group.  

As shown previously, the Ercc1Δ/- mice had a stunted phenotype started at birth with low 

body weight (Dolle et al., 2011, Weeda et al., 1997). We also found that the body weight 

was significantly lower in Ercc1Δ/- as early as four weeks of old as well as at the time of 

culling at 16 weeks compared to the control group. Lower body weight might result from 

growth arrest; however, it could result from lower organs weight, as shown in a previous 

study (Dolle et al., 2011). The body weight was about 50% less at four weeks old in Ercc1Δ/- 

compared to the control group and was 63% less than the control group, at week 16 of age. 
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The later decrease in body mass could be explained by muscle mass loss, i.e. sarcopenia, as 

the skeletal muscle comprises 40% of the mouse. We show that all examined skeletal 

muscle of Ercc1Δ/- mice undergo severe wasting (decreases in hindlimb muscle mass of 40-

60% compared to controls). Increase in skeletal muscle mass is dependent mainly on the 

increase fibre number (hyperplasia) and fibre size (hypertrophy). Surprisingly, we found 

that the total fibres number in EDL and soleus in Ercc1Δ/- is higher than the control group, 

even though the soleus does not reach statistically significant. However, the increase in 

total fibres number in these two muscles did not increase the skeletal muscle mass; on the 

contrary, the muscle mass was lower in Ercc1Δ/- mice. It is clear that a reduction in skeletal 

muscle mass in Ercc1Δ/- mice resulted from a decrease in cross-sectional area of all fibres 

type and the hyperplasia did not rescue the muscle mass loss. We found that the increase 

in total fibres number in Ercc1Δ/- accompanied by a high number of centrally located nuclei 

in both EDL and Soleus muscles. 

Increase number of myofibres with centrally located nuclei is considered a sign of 

formation of new fibres (Cadot et al., 2012) or disease such as mdx mice (Duddy et al., 

2015) or any myofibres repair (as reviewed by (Folker and Baylies, 2013). We found a 

decrease in CSA in Ercc1Δ/-, so the centrally located nuclei here is not due to growth. The 

centrally located nuclei are likely to be from the regeneration repair process. Indeed, the 

growth of muscle, regeneration in the disease condition, and repair in other physiological 

condition need to recruit proliferating and differentiating satellite cells (Bischoff, 1994, 

Morgan and Partridge, 2003, Partridge and Davies, 1995). We show that satellite cells 

number in Ercc1Δ/- was lower in number in freshly isolated fibres and even after 72hr 

incubation. Furthermore, the well-defined differentiation factor, myogenin (Olguin et al., 

2007), was decreased in Ercc1Δ/- compared to the control group. So, we suggest that the 

increase in centrally located nuclei were resulted from damaged fibres by splitting.  

There is evidence of preferable MHCs age-related shifting from fast to slow (Holloszy et al., 

1991) and been more oxidative (Smith et al., 2018). Progeric mouse model even follows the 

same profile shifting with age such mice which mimic Hutchinson–Gilford progeria 

syndrome (Greising et al., 2012) or in contrary; there was a shift toward fast and slightly 

more glycolytic in LMN progeria mouse model (Barateau et al., 2017). We show here with 

Ercc1Δ/- mice, that most of the examined muscle undergone a slow to fast shift and as well 

as to be more glycolytic than the control group, except for MHCIIa and MHCIIb in the 
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superficial portion of the TA. A study by Stevenson and his colleagues shows a MHC profile 

shifting due to disuse in rat skeletal muscle (Stevenson et al., 2003). We could postulate 

the general preferable fast profile that noticed in the skeletal muscle of this mouse model 

compared to controls could result from reducing motion and activity related to ageing 

phenotype in Ercc1Δ/- mice. 
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Chapter 4 Results 

The Activin ligand trap increases body weight 

and enhances organismal activity and strength 

in progeric mice. 
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4.1. Introduction  

Many investigations using rodents models suggest that maintaining muscle mass and 

function not only guards against sarcopenia but also promotes longevity, implying that the 

entire multi-organ ageing process can be attenuated by such intervention (Lavasani et al., 

2012). However, a mechanism that promotes muscle hypertrophy as an anti-ageing regime 

would seemingly conflict with the intended outcome of the adaptive changes mediated 

through decreased GH/IGF-1 signalling that focus a body's reserves on tissue maintenance 

at the expense of growth. Although studies in humans have shown an association between 

maintaining muscle mass/function and attenuating the impact of sarcopenia (e.g. (Deutz et 

al., 2014)) and evidence that mass is a predictor for longevity (Srikanthan and Karlamangla, 

2014), there is, to my knowledge, no direct evidence that it directly extends lifespan.   

Targeting myostatin has been shown to increase muscle mass and strength in disease 

mouse model such as mdx mice (St Andre et al., 2017), preclinical models of cancer-

induced muscle wasting model (Smith et al., 2015), and mouse model of spinal muscular 

atrophy (Liu et al., 2016). However, myostatin knocks out impaired force generation in wild 

type background mice (Omairi et al., 2016). As we mentioned above, ageing results in a 

progressive decline of the skeletal muscle mass and function, term as sarcopenia 

(Rosenberg, 1997). A study by Siriett et al. shows that prolong absence of myostatin reduce 

the severity of sarcopenia in aged mice (Siriett et al., 2006).  

Myostatin a well-known molecule as its role as negatively regulate skeletal muscle growth 

and development (McPherron et al., 1997). Many condition that related to growth arrest 

have been detected with increased level of myostatin, such as immobilization or prolonged 

bed rest (Reardon et al., 2001, Zachwieja et al., 1999),  AIDS, renal failure and heart failure 

(Gonzalez-Cadavid et al., 1998, Sun et al., 2006, Breitbart et al., 2011). Another study has 

found an increase in myostatin level with ageing (Yarasheski et al., 2002). Several strategies 

have been used to inhibit myostatin signalling and reveal enhanced in muscle growth in 

wild type and disease conditions (McPherron and Lee, 1997, Matsakas et al., 2009). From 

those, using sActRIIB as an antagonism molecule to myostatin shows an increase in muscle 

mass in wild type and myostatin null mice (Lee et al., 2005). There were many trail 

medicines based on the soluble form of Activin receptor type IIB treated different muscular 

dystrophy conditions; some of them discontinued development and other in on-going 
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development status. Acceleron Pharma has been producing a ligands trap molecule for 

TGF-β family called Ramatercept or ACE-031 for muscular dystrophy. This drug was 

discounted due to safety issues such as nosebleeds and gum bleeding (Saitoh et al., 2017b). 

The same company has developed another drug called ACE-083 designed for patients they 

have muscular dystrophy such as facioscapulohumeral muscular dystrophy and it still on-

going development and also act as a ligand trap for TGF-β family. This one is different from 

the ACE-031 because it does not bind the ligands BMP9/10 (Townson et al., 2012).  

Previous findings support the notion that an organism slows ageing by remodelling its 

cellular activity from growth and proliferation to maintenance and repair (Niedernhofer et 

al., 2006, Garinis et al., 2009, Pinkston et al., 2006). Slowing of ageing can be achieved by 

attenuating insulin-like growth factor-1 and growth hormone activity which controls the 

somatic growth axis (Hinkal and Donehower, 2008, Guarente and Kenyon, 2000) and by 

dietary restriction (DR) (Fontana et al., 2010). Vermeij and his colleagues have shown that 

DR delays ageing at the organismal level and extends the life and health span of Ercc1Δ/- 

mice (Vermeij et al., 2016a). These studies advocate that promoting tissue growth in an 

ageing model might be harmful to the organism. 

Here we investigate whether the maintain skeletal muscle growth in Ercc1Δ/- progeric 

mouse model by injection of sActRIIB confers systemic benefit. Based on the concept that 

DNA damage induces a survival response that promotes maintenance programmes at the 

expense of growth one would predict that augmenting muscle growth would, in the long 

run, exacerbate the pathological features in a progeroid model. What we find is something 

entirely different; sActRIIB treatment before the onset of progeria can support the growth 

of skeletal muscle, notwithstanding NER defects. 

Three cohorts of male mice (Control (Ercc1+/+), Ercc1Δ/- and Ercc1Δ/- sActRIIB treated mice) 

were bred, housed under standard environmental conditions and provided food and water 

ad libitum in the Biological Resource Unit, University of Reading, or the Dutch Ethical 

Committee at Erasmus MC. Mice have housed in individually ventilated cages under 

specific pathogen-free conditions (20–22°C, 12–12 hr light-dark cycle) to end of 

experiments. Both the control group and Ercc1∆/- mock treated were IP injected twice a 

week with a vehicle, PBS, starting from week 7 of age to end of the experiment. The treated 

mice were also IP injected twice a week with 10 mg/kg sActRIIB starting from week 7 of age 

to end of the experiment. 
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Animals’ physiological properties including organismal activities, muscle strength and 

locomotor activities, and ex vivo muscle tension measurement were examined using open 

field activity monitoring, rotarod and grip strength meter, force measurement device 

respectively. Glucose levels were measured using a Freestyle mini blood glucose metre. 

GH, Insulin, and IGF1 levels were measured in serum using ELISA kits. The onset of 

neurological abnormalities was scored in a blinded manner by experienced research 

technicians. The procedures and technique used in this chapter were explained in detail in 

the methods chapter.  

The main finding of this section was the decreasing myostatin/activin signalling benefits 

both skeletal muscle and organismal health. However, we show that treatment with 

sActRIIB did not induce changes in the circulating levels of growth-related molecules, either 

GH, glucose, Insulin or IGF1. We show that the treated mice were heavier than nontreated 

mice, even though treatment with sActRIIB made no change in food consumption rate 

compared to nontreated mice. Overall, muscle strength parameters were enhanced upon 

sActRIIB treatment of Ercc1Δ/- compared to the control group. We show a delay in age-

related phenotype in treated progeric mice. However, sActRIIB did not affect the survival 

rate in Ercc1Δ/- mice.   
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4.2.  The Activin ligand trap increases body weight in Ercc1Δ/- mice 

The runt phenotype of Ercc1Δ/- accompanied by a decrease in body weight was reported in 

the previous study (Dolle et al., 2011) and here. Male Ercc1Δ/- mice were IP-injected twice 

a week with sActRIIB from 7-weeks of age till week 16. Mock-treated Ercc1Δ/- mutants 

showed no overall body mass gain in 8 weeks, whereas both control and Ercc1Δ/- animals 

treated with sActRIIB displayed weight increases of 37% and 18% respectively. Ercc1Δ/- mice 

displayed an increase in body weight from the first week of injection and reached the 

maximum weight around the age of 14 weeks (35%). Both treated and non-treated Ercc1Δ/- 

mice show a decline in body weight around week 14 and continue toward the end of the 

study. By the age of 16 weeks, non-treated Ercc1Δ/- mice weights dropped to starting 

weight. However, the sActRIIB treated had a 14% increment in body weight (figure 4.1.A). 

The body weight of progeric mice was the same of treated and treated cohort, and both 

were less than the control group at the age of 7 weeks, the start points of the experiment 

(figure 4.1.B). At the end of the experiment, the age of week 15 both treated and non-

treated mice still less than the control group. The Ercc1∆/- treated mice were heavier than 

non-treated mice, albeit not reach a significant difference (figure 4.1.C). Overall, sActRIIB 

treatment enhanced the body weight gain in a progeroid mouse model.   
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Figure 4.1. sActRIIB treatment mitigates body weight in Ercc1Δ/- mice. 

(A) Relative changes in body mass over time. IP injection of Ercc1Δ/- with sActRIIB started at week 

7 and tissues collected at the end of week 15. (B) Body weight at the start of experiment, 7 

weeks old, in three cohorts, control, Ercc1∆/- and treated Ercc1∆/- mice. (C) Body weight at the 

end of experiment, 15 weeks old, in three cohorts, control, Ercc1∆/- and treated Ercc1∆/- mice. 

The sActRIIB were IP injected starting from week 7 of age to week 15. All mice were at the same 

age, n=6 control, n=5 Ercc1Δ/- untreated and n=5 Ercc1Δ/- treated males. Statistical analysis 

performed using one-way ANOVA followed by Bonferroni’s multiple comparison tests was used, 

*p<0.05, **p<0.01, ***p<0.001. 
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4.3.  sActRIIB treatment enhance organismal activity in Ercc1Δ/- mice.  

Behavioural and locomotor activity of mice from our three cohorts (Control, Ercc1Δ/-, 

Ercc1Δ/- sActRIIB) were measured using an open field activity monitoring system. The total 

activity of animal was measured, and the metrics for Ercc1Δ/- treated mice were about 

double that of non-treated and control group (Figure 4.2.A). sActRIIB treatment-

maintained muscle activity in progeroid mice (distance travel per hour 5.6m in untreated 

mice versus 13.7m in treated). Furthermore, distance travelled of treated Ercc1Δ/- mice not 

only increased compared to untreated mice but also to control animals (Figure 4.2.B). Total 

rearing counts and rearing time, measures of locomotor activity as well as exploration and 

anxiety, were highest in control mice and significantly reduced in Ercc1Δ/- mice. sActRIIB 

treatment increased these values compared to Ercc1Δ/- but not to normal levels (Figure 

4.2.C-D).  

Taken together, these data suggest that attenuation of Myostatin/activin by IP 

administration of sActRIIB to Ercc1Δ/- mice are efficacious in enhancing behavioural and 

locomotor characteristics. 
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Figure 4.2. sActRIIB treatment enhance organismal activity in Ercc1Δ/- mice. 

Organismal activity measurements including (A) total activity, (B) distance travelled (C) total 

rearing counts and (D) rearing time, through activity cages at the end of week 14. The sActRIIB 

were IP injected starting from week 7 of age to week 15. All mice were at the same age, n=6 

control males, n=5 Ercc1Δ/- untreated males and n=5 Ercc1Δ/- treated males. All analysis 

performed using nonparametric Kruskal-Wallis test followed by the Dunn’s multiple 

comparisons, *p<0.05, **p<0.01, ***p<0.001. 
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4.4.  sActRIIB enhances motor activity and fatigue characterisation in Ercc1Δ/- mice.  

To substantiate the results from the open field system that shows an increase in Ercc1Δ/- 

activity after treatment with sActRIIB, we perform rotarod tests and measure the hind limb 

grip strength. Rotarod was used to assess motor activity and fatigue characterisation. 

Motor coordination, measured using the Rotarod, showed that Ercc1Δ/- mice at the age of 

15 weeks had a significant deficit in this skill which was improved, albeit not to normal 

levels, by sActRIIB treatment (Figure 4.3.A).  In vivo assessment of forelimb muscle 

maximum force was enhanced by sActRIIB treatment in Ercc1Δ/- mice. The reduction in 

progeric mice strength, only 50% of normalised grip strength, compared to control mice 

was significantly improved in Ercc1Δ/- by sActRIIB (Figure 4.3.B). These data suggest that 

sActRIIB treatment attenuated the decline of muscle strength in Ercc1Δ/- mice. 
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Figure 4.3. Assessment of motor activity and fatigue characterisation using rotarod and 

forelimb muscle strength using grip strength meter. 

(A) Rotarod activity and (B) Muscle contraction measurement through assessment of grip 

strength at age of 15 weeks. All animal was at the same age at the time of experiment.  n=6 

control males, n=5 Ercc1Δ/- untreated males and n=5 Ercc1Δ/- treated males. The sActRIIB were IP 

injected starting from week 7 of age to week 15. All analysis performed using nonparametric 

Kruskal-Wallis test followed by the Dunn’s multiple comparisons, *p<0.05, **p<0.01, 

***p<0.001. 
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4.5.  Increased muscle force generation capacity and reduce half relaxation time 

following sActRIIB injection in Ercc1Δ/-  

We showed above that Ercc1Δ/- sActRIIB-treated mice enhance behavioural and locomotor 

characteristics. Furthermore, antagonism of Myostatin/Activins by sActRIIB injection 

attenuate the decline of muscle strength in Ercc1Δ/- mice. Here, to support these data, we 

investigate the ex vivo muscle tension measurement of one of hindlimb muscle, EDL, where 

both force generation and half relaxation time were measured. Previous works show that 

the targeting myostatin in wild type background mice decreases muscle specific force 

(Amthor et al., 2007), however, a study on the disease model, mdx mice, shows an increase 

in muscle-specific force after antagonism (Wagner et al., 2002, Bogdanovich et al., 2002).  

Here we examined the potential of sActRIIB treatment on generating specific force and half 

relaxation time in Ercc1Δ/- mice. We found that the specific force decreased in Ercc1Δ/- 

mutants, which were significantly increased by sActRIIB treatment (Figure 4.4.A). The 

decrease in half relaxation speed was achieved after treated Ercc1Δ/- with sActRIIB, to 

normalised levels (Figure 4.4.B). Altogether, these data show that antagonise 

myostatin/activin enhances the contraction force and normalises speeds half relaxation 

time in Ercc1Δ/-.  
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Figure 4.4. Ex-vivo muscle tension measurement.  

Ex-vivo assessment of EDL specific force (A) and Half relaxation time (B). All the animals were 

15-week-old when these tests were performed. n=6 control males, n=5 Ercc1Δ/- untreated males 

and n=5 Ercc1Δ/- treated males. The sActRIIB were IP injected starting from week 7 of age to week 

15. All analysis performed using nonparametric Kruskal-Wallis test followed by the Dunn’s 

multiple comparisons, *p<0.05, **p<0.01, ***p<0.001. 
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4.6. The sActRIIB injection does not affect circulating level of growth-related blood 

parameters in Ercc1Δ/-  

Many of skeletal muscle parameters related to ageing phenotype in Ercc1Δ/- mice are shown 

above were enhanced by injection of sActRIIB. Here we show that the growth hormone/ 

Insulin-like growth factor-1, components of the central genetic axis that controls ageing 

(Milman et al., 2016), had not changed after sActRIIB treatment in Ercc1Δ/-. We measured 

the level of four molecules known to regulate organismal growth. Blood glucose level was 

about half of control in Ercc1Δ/- mice, and with treatment with sActRIIB had not changed 

the level of this molecule (Figure 4.5.A). Analyse another molecule belonging to growth 

regulated factors, Insulin, showed similar profile of glucose, the blood level of Insulin was 

less in Ercc1Δ/- compared to the control group; however, the sActRIIB decreased it even 

further than the Ercc1Δ/- but not reaching a significant difference (Figure 4.5.B).  

Antagonise of Myostatin/Activin by sActRIIB injection did not rescue the low level of IGF1 

in Ercc1Δ/- compared to the control group (Figure 4.5.C). As previously shown, that 

prolonged depression of IGF1 gives rise to a feedback mechanism to elevate the level of 

growth hormone (Niedernhofer et al., 2006). That is what we found; we show the increased 

level of Growth hormone in Ercc1Δ/- mice compared to an absolute low level in control 

group, and because of the level of IGF1 did not respond to sActRIIB treated then we found 

no effect on GH level as well (Figure 4.5.D). However, food intake of Ercc1Δ/- mutants, 

relative to body weight (but not absolute (Figure 4.6.A)), was higher than control mice but 

unaffected by sActRIIB treatment (Figure 4.6.B). Overall we found that antagonism of 

Myostatin/Activin by sActRIIB injection did not induce changes in the circulating levels of 

either GH, glucose, Insulin or IGF1. 
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Figure 4.5.  Circulating level of growth-related blood parameters. 

Levels of (A) Growth hormone (B) Glucose (C) Insulin and (D) IGF1 at beginning of week 15. The 

sActRIIB were IP injected starting from week 7 of age to week 15. All mice were at the same age, 

n=6 control males, n=5 Ercc1
 
Δ/- untreated males and n=5 Ercc1

 
Δ/- treated males. All analysis 

performed using nonparametric Kruskal-Wallis test followed by the Dunn’s multiple 

comparisons except (D) where one-way ANOVA followed by Bonferroni’s multiple comparison 

tests was used, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.6. Absolute and relative amount of food consumption in Control, Ercc1Δ/- mock and 

sActRIIB treated mice. 

(A) Food intake and (B) Relative food intake at end of week 15. The food pellets were provided 

in a dish inside the cage and weigh before place in the cage and after one week. The amount of 

consumption was divided on 7 to work out daily intake. The cage was investigating for any 

leftover food to consider in calculation of consumption. The food intake was measure by Wilbert 

Vermeij in Erasmus University, Netherland cohorts. The sActRIIB were IP injected starting from 

week 7 of age to week 15. All mice were at the same age, n=6 control males, n=5 Ercc1Δ/- 

untreated males and n=5 Ercc1Δ/-treated males. All analysis performed using nonparametric 

Kruskal-Wallis test followed by the Dunn’s multiple comparisons, *p<0.05, **p<0.01, 

***p<0.001. 
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4.7. sActRIIB treatment delayed the onset of neurological abnormalities in Ercc1Δ/- mice. 

A longitudinal examination of behavioural abnormalities has performed in the Department 

of Molecular Genetics, Erasmus University Medical Centre, Rotterdam, The Netherlands. 

The study was done on three cohorts, control, Ercc1Δ/- and Ercc1Δ/- sActRIIB treated (n=10). 

The treated cohort had the same sActRIIB injection protocol as in Reading. The 

characteristic feature of naturally aged and progeric conditions is a neurological disorder. 

Tremors, severe tremor and imbalance were scored in control and Ercc1Δ/- mock and 

treated cohorts. We showed that Ercc1Δ/- mice start tremor from week ten before the onset 

of severe tremor (Figure 4.7.A-B). sActRIIB treatment does not delay tremor in Ercc1Δ/-. 

However, it reduces its severity (Figure 4.7.A-B). The onset of imbalance that noticed on 

about week 16 in Ercc1Δ/- mice was considerably postponed and frequently absent in 

treated cohorts (Figure 4.7.C).  Nevertheless, sActRIIB treatment of Ercc1Δ/- mice did not 

extend survival of the animals (Figure 4.7.D). These results show that attenuating 

Myostatin/Activin signalling prolongs healthspan rather than delaying lifespan. 
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Figure 4.7. Delay of onset of neurological abnormalities in Ercc1Δ/- mice after sActRIIB 

treatment. 

(A) tremors (p=0.28), (B) severe tremors, (p=0.0014), and (C) imbalance (p=0.021) with age. (D) 

Survival of sActRIIB treated and mock-treated Ercc1Δ/- mice (p=0.27). These parameters were 

measured by Wilbert Vermeij in Erasmus University, Netherland cohorts.  The sActRIIB were IP 

injected starting from week 7 of age to week 15. n=10 animals per group. Error bars indicate 

mean ± S.E. Log-rank Mantel-Cox test. *<0.05, **<0.01, ***<0.001. 
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4.8. Discussion  

A segmental progeroid syndrome is a condition characterised by an exhibition of certain 

features of ageing appear in early life (Ramirez et al., 2007). Many causes of this syndrome 

have been studied such as abnormal processing of the nuclear envelope protein lamin A as 

in Hutchinson-Gilford progeria syndrome (Eriksson et al., 2003) or defect in DNA damage 

repair as in Werner syndrome (WS) (Yu et al., 1996). In both human progeroid syndrome 

such as a WS and mouse models for progeria as in Zmpste24-/- mice, exhibit muscle 

weakness and impaired mobility (Greising et al., 2012, Yamaga et al., 2017).  

Ageing is controlled in some aspect by GH/IGF-1 axis, as a spectrum of mutations that 

attenuate components of the GH/IGF-1 signalling cascade resulting in an extended lifespan. 

The case for a genetic component comes from numerous studies that have defined the 

Growth Hormone/Insulin-like growth factor-1 (GH/IGF1) as a central genetic axis that 

controls ageing (Milman et al., 2016). In current models of ageing imply interplay between 

stochastic and genetic components (Niedernhofer et al., 2006, Garinis et al., 2009). 

Random damage in DNA represents a stochastic element. Accumulation of DNA damage-

induced mutations is considered a significant mediator of cancer, whereas DNA damage-

induced cellular functional decline, senescence, and death contribute to ageing 

(Hoeijmakers, 2009). The different stochastic and genetic components have been 

reconciled into a unified model of ageing by proposing that accumulation of DNA damage, 

and after that failure of DNA to accurately replicate or be transcribed leads to activation of 

a survival response programme that attenuates the GH/IGF-1 activity. The ultimate 

purpose of dampening GH/IGF-1 signalling is the prioritisation of maintenance mechanisms 

over those that promote growth (Niedernhofer et al., 2006, Garinis et al., 2009, van der 

Pluijm et al., 2007). 

 Here we investigate whether the maintain skeletal muscle growth in Ercc1Δ/- progeric 

mouse model by injection of sActRIIB confers systemic benefit. Based on the concept that 

DNA damage induces a survival response that promotes maintenance programmes at the 

expense of growth one would predict that augmenting muscle growth would, in the long 

run, exacerbate the pathological features in a progeroid model. What we find is something 

entirely different; sActRIIB treatment before the onset of progeria can support the growth 

of skeletal muscle, notwithstanding NER defects. 
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The key finding of this part was the antagonise myostatin/activin signalling have both 

skeletal muscle and organismal health benefits. However, we show that treatment with 

sActRIIB did not induce changes in the circulating levels of growth-related molecules, either 

GH, glucose, Insulin or IGF1. We show that the treated mice were heavier than nontreated 

mice, even treatment with sActRIIB made no change in food consumption rate compare to 

nontreated mice. Overall muscle, strength was enhanced by sActRIIB treatment of Ercc1Δ/- 

compared to the control group. We show a delay in an age-related sign in treated progeric 

mice. However, sActRIIB did not affect the survival rate in Ercc1Δ/- mice.   

Body weight assessment is considered as an indicator of healthy growth, according to WHO 

(de Onis, 2015). We show that the Ercc1Δ/- mice had a lower body weight compared to the 

control group. We show that targeting myostatin/activin signalling increased body weight, 

as showed before in wild type and diseased (mdx) mice (Relizani et al., 2014).  

The need for a cure to prevent or rescue reduction in muscle mass and strength in many 

diseases and conditions reveal many new techniques. Myostatin antagonism is one of the 

successful protocols to enhance muscle growth. Injection, an antibody against myostatin in 

aged mice, lead to reduce muscle fatigue by 30% (LeBrasseur et al., 2009). However, it leads 

to impaired force generation and muscle fatigability in myostatin null mice (Amthor et al., 

2007) and mdx mice (Relizani et al., 2014). We show that attenuation of Myostatin/Activin 

signalling using sActRIIB maintained muscle health in sActRIIB treated progeroid mice. 

Indeed, sActRIIB treatment lead to reduce muscle fatigability in Ercc1Δ/- mice as shown by 

rotarod data. sActRIIB treatment also enhances locomotor activity as well as exploration 

and anxiety, as shown by open field activity. Enhancement in muscle health by using 

sActRIIB make the Ercc1Δ/- mice more active, as we were shown by the result of distance 

travel by activity cage. The movement itself is considered an exercise, and as shown by 

Bernardo et al., the combination of antagonising myostatin and training lead to enhance in 

treadmill running time and increased regular activity. (Bernardo et al., 2009). Furthermore, 

the enhancement ex-vivo measure of specific force and half relaxation time in Ercc1 

mutant, and both considered as features of structure alterations (Schwaller et al., 1999), 

contribute in overall skeletal muscle strength and organismal activity.  

Growth retardation in Ercc1 mutant mice could result from activating the survival response, 

i.e. shift a body's reserves on tissue maintenance at the expense of growth. The case for a 

genetic component comes from numerous studies that have defined the Growth 
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Hormone/Insulin-like growth factor-1 (GH/IGF1) as a central genetic axis that controls 

ageing. A spectrum of mutations that attenuate components of the GH/IGF-1 signalling 

cascade results in extended lifespan (Milman et al., 2016). The low circulatory level of 

growth regulatory factor, IGF1, in Ercc1Δ/- mice, was due to activation of stress response in 

the progeroid mice. However, the increase in Growth hormone in both untreated and 

sActRIIB treated Ercc1 mutants, are likely as a previously noted feedback mechanism in 

response to prolonged low IGF1 (Niedernhofer et al., 2006). 

Sarcopenia leads to reduce the quality of life by impacting on mobility and stability, which 

leads to an increase in the incidence of fall-related injury. Moreover, the main signs of 

sarcopenia in ageing and progeric mouse model is neuromuscular degeneration. A 

prominent ageing feature of Ercc1Δ/- mice, as shown before, is related to 

neurodegeneration and the onset of several neuro-muscular phenotypic changes (Vermeij 

et al., 2016a). The sActRIIB treatment appeared to reduce neurodegeneration in Ercc1Δ/- 

mice as it reduces the severity of tremor in these progeric mice. Furthermore, the onset of 

imbalance was considerably postponed and frequently absent by sActRIIB treatment. 

Nevertheless, sActRIIB treatment of Ercc1Δ/- mice did not extend survival of the animals. 

These results show that attenuating Myostatin/Activin signalling prolongs healthspan 

rather than delaying death. 
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5.1. Introduction  

The importance of maintaining muscle mass and function was postulated as its effects on 

health implications, especially morbidity and mortality. These signs increased with muscle 

loss and reduced the quality of life (English and Paddon-Jones, 2010, McLeod et al., 2016). 

Muscle loss is a common sign of many diseases and conditions. Specifically, reduction in 

muscle mass and function with ageing terms as sarcopenia (Rosenberg, 1997). Sarcopenia 

invariably leads to a reduced quality of life by impacting on mobility and stability, which 

leads to an increase in the incidence of fall-related injury. More importantly, sarcopenia 

predisposes individuals to adverse disease outcomes (cardiovascular and metabolic 

diseases) and mortality (Srikanthan and Karlamangla, 2014, Kim et al., 2015). Age-related 

reduction in strength relative to muscle mass loss reveals a reduction in both the quality 

and quantity of the tissue (Keller and Engelhardt, 2014). This evidence is aligned with an 

early study by Ansved and Edstrom who demonstrated that ageing results in a change in 

the skeletal muscle fibres structure such as fibres atrophy, increase in centrally located 

nuclei and fibres splitting, and ultrastructures such as numerous mitochondria with loss 

cristae and autophagic vacuoles (Ansved and Edstrom, 1991). However, interference such 

as exercise could alter the composition and ultrastructure of skeletal muscle (Howald et al., 

1985).  

One of the mechanisms drives skeletal muscle loss in sarcopenia is decreased protein 

synthesis (Welle et al., 1993) and decrease in fibres number via activation of the apoptosis 

pathway (Dirks and Leeuwenburgh, 2002). Reduce in protein synthesis lead to reduced in 

muscle mass and revealed by a reduction in the cross-sectional area of muscle fibres (Nilwik 

et al., 2013). The decrease in skeletal muscle fibres number is the leading cause of the 

reduction in muscle mass in ageing, however in less extend due to a reduction in fibres size 

(Lexell, 1993). Therefore, any intervention result in increased fibre number or size or both 

could consider a potential cure for reduction of muscle mass with ageing. Changes in mass 

and composition could induce in skeletal muscle as an adaptation to various interventions, 

including exercise and diet (Matsakas and Patel, 2009). 

Furthermore, an increase in skeletal mass could be achieved by many non-genetic 

molecular interventions (Velloso, 2008, Lach-Trifilieff et al., 2014). Myostatin, a member of 

the Transforming Growth Factor beta (TGF-β) superfamily and well known for its negative 
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regulation of skeletal muscle growth (McPherron et al., 1997). Lack of myostatin results in 

an increase in skeletal muscle mass (Amthor et al., 2007). Increase body and muscle mass 

could be achieved by using one of the most potent reagents including the soluble activin 

receptor type IIB (sActRIIB) molecule, which acts to neutralise the muscle growth inhibitory 

properties of myostatin and activin (Relizani et al., 2014). sActRIIB increase muscle mass 

via modulating signalling pathway responsible for protein synthesis but leads to reduce 

capillary density in skeletal muscle (Hulmi et al., 2013).  

A study suggests that the signs of fibres death through apoptosis and necrosis is considered 

an important mechanism underlying muscle loss and weakness in aged mice (Cheema et 

al., 2015). Another study report increase inflammation also drives ageing related 

phenotype in the muscle (Fagiolo et al., 1993). From these studies, it was concluded that 

multifactorial reasons caused sarcopenia. 

Sarcopenia is also associated with alteration in ultrastructure and organelles in skeletal 

muscle fibres. For example, a study reported an age-related loss of mitochondrial content 

and function (Broskey et al., 2014). It concluded that skeletal muscle ageing is driven by 

aberrant mitochondria resulted from damage in mitochondrial DNA (Hiona and 

Leeuwenburgh, 2008). It well establishes that the ageing is associated with a fast-to-slow 

fibre type shifting and to more oxidative instead of glycolytic feature (Gelfi et al., 2006).  

Oxidative stress plays a vital role in muscle abnormalities related to sarcopenia (Gomes et 

al., 2017). Studies have shown the relation between increase myostatin level in aged mice 

and enhancement of ROS production in skeletal muscle and as a result increase oxidative 

stress, and aged myostatin null mice show an elevated level basal antioxidant enzyme 

(AOE), superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), 

rustling in reducing oxidative stress (Sriram et al., 2011).  

Here we investigate the quantitative and qualitative improvement of skeletal muscle in 

Ercc1Δ/- progeric mouse model by antagonising myostatin/activin. Based on the concept 

that DNA damage induces a survival response that promotes maintenance programmes at 

the expense of growth one could expect that augmenting muscle growth would, in the long 

run, exacerbate the pathological features in a progeroid model. Our result shows that 

different outcomes; sActRIIB treatment before the onset of progeria can support the 

growth of skeletal muscle, notwithstanding NER defects. The procedures and technique 

used in this chapter were explained in detail in the methods chapter. 
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The main observations of this chapter are, firstly, muscles from Ercc1Δ/- treated mice were 

heavier than non-treated; however, maintain the same muscle fibre number but have 

bigger CSA. Secondly, sActRIIB injection mitigates the signs of damage in Ercc1Δ/- mice.  

Thirdly, we show that the introduction of sActRIIB in Ercc1Δ/- mice maintain fast and 

glycolytic profile showed in non-treated mice, and their profile became even faster and 

more glycolytic. TEM work shows that antagonise myostatin/activin signalling protects 

skeletal muscle from ultrastructure abnormalities found in Ercc1Δ/- mice. Finally, the 

western blotting result demonstrates that sActRIIB promotes protein synthesis and 

autophagy but reduce proteasome protein breakdown in Ercc1Δ/- muscle.  
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5.2.  The Activin ligand trap increases muscle weight in Ercc1Δ/- mice. 

We determined whether the reduction in muscle mass in Ercc1 Δ/- mutants could be 

prevented by the soluble activin receptor IIB protein (sActRIIB), which were have shown 

previously to antagonise signalling mediated by Myostatin and related proteins (Omairi et 

al., 2016). To that end, male, Ercc1Δ/- mice were IP-injected twice a week with sActRIIB from 

7-weeks of age till week 16.  Previous work has shown that sActRIIB treatment increases 

muscle mass in wild type mice (Relizani et al., 2014). The increased body weight and grip 

strength of Ercc1Δ/- mice subjected to sActRIIB that we show in the previous chapter 

prompted us to examine individual muscles further. Treated Ercc1Δ/- mice revealed that all 

five groups of hindlimb muscle (EDL, TA, Gastrocnemius, Soleus and Plantaris) showed 

significantly higher mass compared to those from mock-treated Ercc1Δ/- animals with a 

range of 30-62% (tibialis anterior and Plantaris respectively, Figure 5.1. A-E). The same 

outcome was seen after normalising weight to tibia length (Figure 5.2. A-E). Activation of 

signalling pathways initiated through ActRIIB and via reducing a phosphorylation of key 

molecule of myostatin signalling pathway, Smad2/3 (Shi and Massague, 2003), were found 

to be elevated in the muscle of Ercc1Δ/- mice and decreased by sActRIIB treatment, and that 

represented by an increase in the level of pSmad2/3 in Ercc1Δ/- and reduced after sActRIIB 

treatment (Figure 5.3. A-C). Importantly, the abundance of DNA breaks, as detected by the 

level of γH2A.X, a marker of DNA damage (Rogakou et al., 1999), was not changed by 

sActRIIB treatment (Figure 5.4. A-C).  
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Figure 5.1.  sActRIIB treatment increase muscle weight in Ercc1Δ/- mice. 

Muscle weight of (A) EDL, (B) TA, (C) Gastrocnemius, (D) Soleus and (E) Plantaris, at the day of 

dissection at end of week 15. The sActRIIB were IP injected starting from week 7 of age to week 

15. All mice were at the same age, n=9 control males, n=8 Ercc1Δ/- untreated males and n=8 

Ercc1Δ/- treated males. One-way ANOVA followed by Bonferroni’s multiple comparison tests, 

*p<0.05, **p<0.01. 
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Figure 5.2. Normalise skeletal muscle weight to tibia length show increase in weight after 

sActRIIB treatment in Ercc1Δ/-mice. 

Muscle mass normalised to tibial length for (A) EDL, (B) TA, (C) Gastrocnemius, (D) Soleus and 

(E) Plantaris, at end of week 15. The sActRIIB were IP injected starting from week 7 of age to 

week 15. All mice were at the same age, n=9 control males, n=8 Ercc1Δ/-untreated males and n=8 

Ercc1Δ/-treated males. One-way ANOVA followed by Bonferroni’s multiple comparison tests, 

*p<0.05, **p<0.01. 
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Figure 5.3. Reduce pSmad2/3 signalling after antagonising Myostatin/Activin signalling in 

Ercc1Δ/- mice. 

Immunohistology of pSmad2/3 expression (green) in (A) control, (B) Ercc1Δ/- and (C) Ercc1Δ/- 

treated in soleus muscle (yellow arrows) at age of 15 weeks. The sActRIIB were IP injected 

starting from week 7 of age to week 15. n= 8 male mice from each cohort.  
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Figure 5.4. DNA damage marker γH2A.X, did not affect by sActRIIB treatment in Ercc1Δ/- mice. 

Immunohistology of γH2A.X expression (green) in soleus muscle (yellow arrows). (A) control, (B) 

Ercc1Δ/- and (C) Ercc1Δ/- treated in soleus muscle (yellow arrows) at week 15 of age. The sActRIIB 

were IP injected starting from week 7 of age to week 15. All mice were at the same age, n= 8 

male mice from each cohort.  
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5.3.  The antagonise myostatin/activin increase muscle mass via hypertrophy, not 

hyperplasia. 

We demonstrated that sActRIIB injection rescued the hindlimb muscle mass in progeroid 

Ercc1Δ/- mice. As shown previously that hind limb muscles of Mtn null mice increase in size 

(McPherron and Lee, 1997) and the large size of muscles lacking Myostatin is achieved 

mainly by individual muscle fibre hypertrophy (Amthor et al., 2007). A further study showed 

an increase in the cross-sectional area of muscle fibre via inactivation of Myostatin 

(Rodriguez et al., 2014). Here we investigated whether sActRIIB injection increased 

myofibre size in Ercc1Δ/- mice. Therefore, muscle sections were immunostained using 

antibodies against MHC isoforms (type I, IIA and IIB). Then the measurements of cross-

sectional area (CSA) for myofibres (type I, IIA, IIX and IIB) of hind limb muscles (EDL, soleus 

and TA) from three cohorts of mice (Control, Ercc1Δ/- and Ercc1Δ/- treated) were taken. A 

minimum of 150-200 measurements per myofibre type was taken in each muscle section 

(n=9 control males, n=8 Ercc1Δ/- untreated males and n=8 Ercc1Δ/- treated males).  

We found that the fibre sizes were increased upon introducing sActRIIB in Ercc1Δ/- in the 

EDL muscles compare to non-treated mice. MHCIIX in Ercc1Δ/- treated mice were 

significantly higher than non-treated mice. However, MHCIIA and MHCIIB did not reach a 

statistically significant. All types of MHC size did not normalise to the control group (Figure 

5.5.A).  

Next, we examined myofibre sizes in the soleus muscles. We found that CSA of all MHC 

types (MHCI, MHCIIX and MHCIIA) increased after sActRIIB treatment in Ercc1Δ/- mice. All 

examined MHC types in Soleus muscle were smaller in Ercc1Δ/- mice compared to the 

control group; however, did not reach statistical significance in MHCI. Of particular note 

was the finding that some types of fibres in the sActRIIB-treated Ercc1Δ/- muscles were 

significantly larger than even in controls (MHCI and IIA) (Figure 5.5.B). 

Finally, myofibres sizes in the TA muscles (superficial and deep regions) from control, 

Ercc1Δ/- and Ercc1Δ/- treated mice were measured. We found that the size of MHCIIB in the 

superficial region of TA muscles from Ercc1Δ/- treated mice was significantly larger than non-

treated mice that were smaller than the control group. However, the fibre sizes of MHCIIX 

in this region of TA muscles from control, Ercc1Δ/- treated and non-treated showed no 

significant changes (Figure 5.5.C). 
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The deep area of TA muscle sections showed a decrease in CSA of myofibres type IIA in 

Ercc1Δ/-mice compared to the controls were increased after sActRIIB treated. Moreover, 

fibre sizes of MHCIIX in the deep region of TA muscles from Ercc1Δ/- treated mice were 

significantly larger than the Ercc1Δ/- non-treated mice. Additionally, the decrease in CSA of 

most fast MHC, IIB fibres, that were reduced in Ercc1Δ/- mice compared to controls, 

increased after sActRIIB injection (Figure 5.5.D). 

We showed that sActRIIB treated n Ercc1Δ/- mice exhibited a notable increase in muscle 

mass compared to non-treated mice. It was reported that the increase in muscle mass 

following Myostatin knock out is due to an increase in muscle fibres size and number 

(Elashry et al., 2009). In agreement, another study has shown that the increase in muscle 

mass in the myostatin mutant mouse model was via both hyperplasia and hypertrophy 

(McPherron et al., 1997).  

In the present study, we determined whether the increase in muscle mass of Ercc1Δ/- 

treated mice was resulted from increased myofibers sizes alone or increase in muscle fibre 

numbers as well. Therefore, we use the muscle sections of immunohistochemistry stained 

used for determining the MHC phenotype for count the total fibre number in both EDL and 

soleus muscles (n=9 control males, n=8 Ercc1 untreated males and n=8 Ercc1Δ/- treated 

males) of each genotype (Control, Ercc1Δ/- treated and not treated mice). We did not 

include the total fibre number of TA muscles in this analysis, as its anatomically 

heterogeneous in shape and making it difficult to obtain a similar mid-belly section. 

Here we examined the effect of a antagonise of myostatin/activin on Ercc1Δ/- EDL and 

soleus muscles fibre numbers. 

Our data showed that total fibres number in EDL muscle from Ercc1Δ/- mice significantly 

higher than the control group and was not affected by sActRIIB injection (Figure 5.6.A). 

However, there was no statistical difference in the total fibre number in Soleus muscle 

between the three cohorts (control, Ercc1Δ/-, Ercc1Δ/- treated mice) (Figure 5.6.B). 

In summary, these data show that the introduction of sActRIIB induced fibre hypertrophy 

irrespective of MHC expression. Of particular note was the finding that some types of fibres 

in the sActRIIB-treated Ercc1Δ/- muscles were significantly larger than even in controls. 

Importantly, the increase in skeletal muscle mass did not result from hyperplasia as the 

Ercc1Δ/- muscles have total fibres number more than counterpart muscle in control group 

and sActRIIB treatment maintain this increment. 
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Figure 5.5.  Increase fibres cross sectional area in Ercc1Δ/- mice after sActRIIB treatment.  

Cross-sectional fibre areas assigned to specific MHC isoforms using antibodies to 

immunostained the specific MHC proteins in (A) EDL, (B) Soleus, (C) superficial and (D) deep 

areas of TA. Represenattive images of EDL muscle from (E) control, (F) progeric and (G) sActRIIB 

treated progeric mice immunustaend agienst MHC. The sActRIIB were IP injected starting from 

week 7 of age to week 15. Whole muscle sections were counted for EDL and soleus muscles and 

100 fibres were analysed for TA in superficial and deep regions in all 3 cohorts. All animals were 

16 weeks old at the time of dissection from both cohorts. n=9 control males, n=8 Ercc1 

untreated males and n=8 Ercc1Δ/- treated males. One-way ANOVA followed by Bonferroni’s 

multiple comparison tests, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5.6.  Fibres number count did not affect by antagonise of myostatin/activin in Ercc1Δ/- 

mice. 

Fibre number count in (A) EDL and (B) soleus of control, Ercc1Δ/- and mice Ercc1Δ/- treated. 

Represenattive images of EDL muscle from (C) control, (D) progeric and (E) sActRIIB treated 

progeric mice immunustaend agienst MHC.The sActRIIB were IP injected starting from week 7 of 

age to week 15. The sections were used to measure CSA were used here to count the total fibres 

number in both muscles in all three cohorts. All mice were at the same age, n=9 control males, 

n=8 Ercc1 untreated males and n=8 Ercc1Δ/- treated males. One-way ANOVA followed by 

Bonferroni’s multiple comparison tests, *p<0.05, **p<0.01, ***p<0.001. 
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5.4.  Qualitative improvements to Ercc1Δ/- skeletal muscle through sActRIIB treatment. 

Antagonise of myostatin/activin signalling was able to rescue muscle mass loss in progeric 

mice as we showed above. We further investigate the mechanisms underpinning the 

muscle loss in our progeric mice as an ageing model. As a previous study suggest that the 

signs of fibres death through apoptosis and necrosis are considered an important 

mechanism underlying muscle loss and weakness in aged mice (Cheema et al., 2015), we 

here investigate a fibres damage parameters of our platform mice before and after sActRIIB 

treatment.  

Therefore, EDL single fibres were isolated and immunostained to visualise microdamage. 

Secondly, muscle sections of EDL and Soleus muscle were immunostained using antibodies 

against caspase-3 to detect apoptosis activity. Then sections of EDL and Soleus muscle were 

stained with H & E stain to detect the centrally located nuclei. After that, the EDL muscle 

section was used to gauge the SDH hyperactivity as an indicator of fibre apoptosis. Finally, 

a level of ROS was detected in TA muscle sections using the DHE stain. All muscles were 

hind limb muscles (EDL, soleus and TA) from three cohorts of mice (Control, Ercc1Δ/- and 

Ercc1Δ/- treated). A minimum of 20 fibres was investigated for single fibres work, and 100 

measurements per myofibre type were taken in each muscle section for other stains (n=9 

control males, n=8 Ercc1 untreated males and n=8 Ercc1Δ/- treated males). 

Here we examined the effect of a antagonise of myostatin/activin on Ercc1Δ/- muscles fibre 

in term of integrity and death parameters. 

We showed here that a large proportion of fibres has micro-lesions (including tears to the 

membrane) from the EDL muscle from Ercc1Δ/- animals, which appeared normalised by 

sActRIIB (Figure 5.7.A-B). Caspase-3 activity as a gauge of apoptosis was significantly 

elevated in the muscles of Ercc1Δ/- mice and largely normalised by treatment with sActRIIB 

in both EDL and Soleus muscle (Figure 5.8.A-D). The number of fibres displaying centrally 

located nuclei was elevated in both the EDL and soleus muscles from Ercc1Δ/- mice 

compared to controls and became even more abundant following sActRIIB treatment 

(Figure 5.9.A-D). The fibres showing supra-normal levels of SDH activity, indicative of an 

abnormal mitochondrial activity that leads to apoptosis (Cheema et al., 2015), were 

significantly more frequent in both the EDL and soleus of Ercc1Δ/- mice compared to treated 

mutants (Figure 5.10.A-D). Assessment of ROS activity through DHE intensity showed 

elevated levels of superoxide in the muscle of Ercc1Δ/- animals which were lowered by 
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sActRIIB treatment although it did not reach the level of control mice (Figure 5.11.A-D) 

(Bindokas et al., 1996, Li et al., 2003). 

Overall, we show that the abundance of abnormal fibres in Ercc1Δ/- mice identified through 

central nucleation and dying fibres were largely normalised by antagonising 

myostatin/activin signalling. 
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Figure 5.7. Incidence of damaged fibres following single fibre isolation. 

(A) Percentage of damage fibres incidence following single fibre isolation in EDL muscle. (B) 

Example of micro-tear (arrows) in an Ercc1Δ/- EDL fibre. The sActRIIB were IP injected starting 

from week 7 of age to week 15. Singles fibres were optioned from EDL muscle and 

immunostained against laminin (green) and DAPI to visualise the nucleus. Total of 20 fibres were 

analysed from each cohort and the fibres that contain damage including micro tearing, splitting, 

and wavy fibres were count and represent as a percentage regarding the entre number of fibres 

in slide. All mice were at the same age, n=9 control males, n=8 Ercc1 untreated males and n=8 

Ercc1Δ/- treated males. Scale 50 µm. One-way ANOVA followed by Bonferroni’s multiple 

comparison tests, *p<0.05. 
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Figure 5.8.  Normalise percentage of caspase-3 in Ercc1Δ/- after sActRIIB injection. 

Fibres containing caspase 3 epitope as a percentage of (A) EDL and (B) Soleus fibres. (C) 

representative pictures of EDL muscle immunostained for caspase 3 antibody in control, Ercc1Δ/- 

and Ercc1Δ/- treated mice. (D) representative pictures of Soleus muscle immunostained for 

caspase 3 antibody in control, Ercc1Δ/- and Ercc1Δ/- treated mice.  Red arrows indicate caspase 

foci. The sActRIIB were IP injected starting from week 7 of age to week 15. A total of 100 fibres 

were count for their positive foci of caspase and represented as percentage. All mice were at 

the same age, n=9 control males, n=8 Ercc1 untreated males and n=8 Ercc1Δ/- treated males. 

One-way ANOVA followed by Bonferroni’s multiple comparison tests, *p<0.05, **p<0.01. 
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Figure 5.9.  sActRIIB injection increase percentage of fibres contain centrally located nucleuses 

in Ercc1Δ/- mice. 

Percentage of fibres with centrally located nuclei in the (A) EDL and (B) Soleus. (C) representative 

pictures of EDL muscle stained with H and E in control, Ercc1Δ/- and Ercc1Δ/- treated mice. (D) 

representative pictures of Soleus muscle stained with H and E in control, Ercc1Δ/- and Ercc1Δ/- 

treated mice. Black arrows indicate centrally located nuclei. Whole muscle section were 

investigated to detecrt and count the centrally located nucleus in both EDL and soleus muscles 

and presented as percentage regarding total fibres number in all 3 cohorts. The sActRIIB were 

IP injected starting from week 7 of age to week 15. All mice were at the same age, n=9 control 

males, n=8 Ercc1 untreated males and n=8 Ercc1Δ/- treated males. Scale 50 µm. One-way ANOVA 

followed by Bonferroni’s multiple comparison tests, *p<0.05, **p<0.01, ***p<0.001. 

0

1

2

3

4

Control ERCC1∆/- ERCC1∆/-

sActRIIB

Fi
b

re
%

EDL centrally located nucleus

*

***
**

A

0

1

2

3

4

Control ERCC1∆/- ERCC1∆/-

sActRIIB

Fi
b

re
%

Soleus centrally located nucleus

***

***

B

ERCC1Δ/-

ERCC1Δ/-

EDL

Soleus

Control

Control

C ERCC1Δ/- sActRIIB

ERCC1Δ/- sActRIIB

H&E

D



Chapter 5 
 

133 
Khalid Alyodawi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ERCC1Δ/-Control

SDHSDH

0

2

4

6

8

10

Control ERCC1Δ/- ERCC1Δ/-

sActRIIB

Fi
b

re
s/

M
u

sc
le

EDL Hyperstained SDH

*

A

C

EDL

0

2

4

6

8

10

Control ERCC1Δ/- ERCC1Δ/-

sActRIIB

Fi
b

re
s/

M
u

sc
le

Soleus Hyperstained SDH

*

D

B

Figure 5.10. sActRIIB treatment normalise hyper-stained SDH in Ercc1∆/- mice. 

Quantification of hyper-stained SDH fibres for (A) EDL and (B) Soleus muscle. (C) SDH in control 

muscle and (D) Ercc1Δ/- muscle showing hyper-stained fibres (arrows). The extra dark stained 

fibres were counted in SDH stained section from EDL muscle and whole muscle section were 

investigated and the positive fibres were presented as a percentage regarding total fibres 

number. The sActRIIB were IP injected starting from week 7 of age to week 15. All mice were at 

the same age, n=9 control males, n=8 Ercc1 untreated males and n=8 Ercc1Δ/- treated males. Scale 

100 µm.  One-way ANOVA followed by Bonferroni’s multiple comparison tests, *p<0.05. 
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Figure 5.11.  Detection of ROS level using DHE staining reveal normalise the ROS level in 

Ercc1∆/- mice after sActRIIB injection. 

(A) Quantification of DHE fluorescence in TA muscle fibres. (B) Control TA fibres with little DHE 

fluorescence in the body of control fibres. (C) Ercc1∆/- TA fibres with elevated DHE fluorescence 

in the body of control fibres. (D) Treated Ercc1∆/- TA fibres with little DHE fluorescence in the 

body of fibres. A total of 100 fibres were analysing to detect the intensity of DHE stain in TA 

section. The sActRIIB were IP injected starting from week 7 of age to week All mice were at the 

same age, 15. n=9 control males, n=8 Ercc1 untreated males and n=8 Ercc1∆/- treated males. 

Scale 20 µm.  One-way ANOVA followed by Bonferroni’s multiple comparison tests, *p<0.05, 

**p<0.01, ***p<0.001. 
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5.5. Skeletal muscle fibres metabolic status and MHC profile in Ercc1Δ/- mice after 

antagonising myostatin/activin signalling.  

Sarcopenia is related to change in the profile of skeletal muscle fibres types. There was 

evidence to profile shift of MHC from fast to slow with advanced in ageing (Narici and 

Maffulli, 2010). The evidence from other studies shows increase proportion of fibres 

express the slow type of MHC (type I) at the expense of fibres express fast MHC, (type II) 

(Andersen, 2003, Lee et al., 2006). As the type II fibres rely mainly on glycolytic metabolism 

in contrast to type I which mostly depend on oxidative metabolism (Pette and Spamer, 

1986), the other study suggests a concomitant shifting from glycolytic to oxidative 

phenotype during sarcopenia (Fielding et al., 2011). Although there was evidence of higher 

capillary density related to oxidative fibres (Omairi et al., 2016, Romanul, 1964), the study 

on older men shows reduces capillary density 70 years old men compared to young (Groen 

et al., 1985). 

Here we examined the effect of a antagonise of myostatin/activin on Ercc1Δ/- muscles fibre 

MHC profile, oxidative and metabolic status.  

Therefore, sections of EDL and Soleus muscle were immunostained using antibodies 

against myosin heavy chain (MHC), so antibodies were used to detect MHCI, MHCIIa, and 

MHCIIb for muscle profiling. Also, a section of EDL muscle was stained with SDH to detect 

the oxidative activity of skeletal muscle fibres. Furthermore, the EDL muscle sections were 

used to inspect the percentage of capillary per fibres using CD31 antibody. Finally, a level 

of angiogenesis, PGC1α and fat metabolism genes expression was profiled in 

gastrocnemius muscle by qPCR. All muscles were hind limb muscles (EDL, soleus and 

gastrocnemius) from three cohorts of mice (Control, Ercc1Δ/- and Ercc1Δ/- treated), n= 8 each 

cohort. 

Our analysis of MHC distribution revealed that the progeric mice muscle displayed a faster 

phenotype compared to control muscles. Treatment of progeric animals with sActRIIB 

resulted in a shift towards an even faster MHC profile. sActRIIB treatment maintains a 

faster profile in the EDL muscle of Ercc1Δ/- mice. The low proportion of fast MHCIIa and 

MHCIIx in Ercc1Δ/- mice were maintained after sActRIIB injection. On the contrary, the very 

fast MHCIIB fibres were in higher proportion in Ercc1Δ/- mice compared to the control group 

and significantly increased after sActRIIB injection (Figure 5.12.A and C-E). The same trend 

was found in Soleus muscle after sActRIIB injection. The reduction of the slow MHCI fibres 
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that we showed in Ercc1Δ/- mice were maintained via antagonising of myostatin/activin 

signalling and further decrease, not significantly to Ercc1Δ/- mice. The fast MHCIIa were 

lower in non-treated Ercc1Δ/- mice and further reduce after sActRIIB treatment.  The other 

fast fibre express MHCIIx in the lowest proportion in the control group were shown to a 

high level in Ercc1Δ/- mice and were decreased after sActRIIB treatment. Of particular note, 

the Soleus muscle was devoid of very fast MHCIIb in control group, but Ercc1Δ/- had several 

MHCIIb positive fibres. Surprisingly, the sActRIIB injection increased the proportion of 

MHCIIb to the level above the usually found MHCIIx (Figure 5.12.B). 

To examine the metabolic status of the sActRIIB-treated muscle, we determined the SDH 

profile in EDL and Soleus muscles. In both muscle group, the number of SDH-positive fibres 

was decreased in the progeric mice compared to controls (Figure 5.13.A-H). Introduction 

of sActRIIB treatment further decreased the number of SDH positive fibres, and at the same 

time increasing the number of SDH negative entities in the EDL (Figure 5.13.A and C-E). 

Similar changes were also recorded in the soleus; however, not reaching statistical 

significance (Figure 5.13.B and F-H). Therefore, the sActRIIB treatment further reduces the 

status of the already diminished oxidative character of Ercc1Δ/- muscles. 

Subsequently, we investigated whether changes in the muscle metabolic profile wrought 

by sActRIIB also induced remodelling of the vasculature. The capillary density profile 

detected by CD31 antibody on EDL sections indeed showed that the number of blood 

vessels serving each fibre in Ercc1Δ/- mice were lower than control mice (albeit non-

significantly), and further decreased following sActRIIB treatment (Figure 5.13.I-L). These 

changes of oxidative status and capillary density were underpinned by decreases in the 

expression of three genes examined that control the development of blood vessels. We 

show that the gene expression of VEGFa189 and FGF1 genes were lower in Ercc1Δ/- mice 

and further reduce with treatment. VEGFb gene expression followed the same pattern 

other angiogenesis genes but not statistically defiance (Figure 5.13.M).  

Expression of PGC1α, a key regulator of oxidative properties in muscle was slightly lower in 

muscle from Ercc1Δ/- mice compared to controls and was even more suppressed following 

sActRIIB treatment (Figure 5.14.A). Mitochondrial transcript levels mirrored the changes in 

genes supporting the development of blood vessels. qPCR analysis of eight genes essential 

for the mitochondrial metabolism revealed that seven had decreased expression in Ercc1Δ/- 

muscles induced by sActRIIB treatment (Figure 5.14.B). We also investigated genes that 



Chapter 5 
 

137 
Khalid Alyodawi 

control fat metabolism as there is evidence that increases glycolytic flux decreases fat 

metabolism (Jeukendrup, 2002). All seven genes examined were significantly reduced in 

expression by sActRIIB (Figure 5.14.C).  

Altogether, the attenuation of myostatin/activin signalling through sActRIIB results in the 

patterning of muscle towards a fast-contracting status, which has a paucity of oxidative 

fibres and supporting blood vessels underpinned by changes in the expression of genes that 

control capillary development and sustain aerobic metabolism. 
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Figure 5.12.  Shifting MHCs toward fast profile after sActRIIB injection in Ercc1Δ/- mice. 

(A) MHC profile of EDL muscle. (B) MHC profile of Soleus muscle. (C-E) EDL MHCIIA/IIB fibre 

distribution in the three cohorts, controls, Ercc1Δ/- and Ercc1Δ/- treated with sActRIIB. Whole 

muscle sections were analysing and counted for fibres typing detected by immunostaining using 

specific antibody for each MHC type in both EDL and soleus muscle in all 3 cohorts. The fibres 

type proportion present as a percentage regarding total fibres number. The sActRIIB were IP 

injected starting from week 7 of age to week 15. All mice were at the same age, n= 8 for all 

cohorts. One-way ANOVA followed by Bonferroni’s multiple comparison tests, *p<0.05, 

**p<0.01, ***p<0.001. 
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Figure 5.13.  Reduce oxidative status, capillary density and expression of angiogenesis marker 

in Ercc1Δ/- mice treated with sActRIIB. 

(A) SDH-positive and negative fibre profile of EDL muscle. (B) SDH-positive and negative fibre 

profile of Soleus muscle. (C-E) representative pictures of SDH stain in EDL muscle of the three 

cohorts. (F-H) representative pictures of SDH stain in Soleus muscle of the three cohorts. Whole 

muscle sections were analysing to detect dark (oxidative) and pales stained (non-oxidative) 

fibres using SDH stain and presented as a percentage regarding total fibres number in EDL and 

soleus muscle. (I-K) Identification of EDL capillaries with CD-31 in the three cohorts. (L) 

Quantification of EDL capillary density. Total of 100 fibres in each section of EDL muscle were 

analyse and capillaries were counted, black dotes, and presented as capillary per fibres in all 

three cohorts. (M) qPCR profiling of angiogenic genes. The RNA that use in qPCR were obtained 

from gastrocnemius muscle from all 3 cohorts. The sActRIIB were IP injected starting from week 

7 of age to week 15. All mice were at the same age, n= 8 for all cohorts. Scale 100 µm. One-way 

ANOVA followed by Bonferroni’s multiple comparison tests used in all data sets except SDH 

analysis where non-parametric Kruskal-Wallis test followed by the Dunn’s multiple comparison 

was used, *p<0.05, **p<0.01, ***p <0.001. 
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Figure 5.14. Reduce expression of genes regulate mitochondria and fat metabolism in Ercc1Δ/- 

mice with sActRIIB treatment. 

qPCR profiling of (A) PGC1α, (B) mitochondrial genes and (C) regulators of fat metabolism. The 

RNA that used here were obtained from gastrocnemius muscle from all 3 cohorts. The sActRIIB 

were IP injected starting from week 7 of age to week 15. All mice were at the same age, n= 8 for 

all cohorts. One-way ANOVA followed by Bonferroni’s multiple comparison tests, *p<0.05, 

**p<0.01, ***p<0.001. 
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5.6. sActRIIB normalise ultrastructure abnormalities and mitochondrial characteristics in 

skeletal muscle of Ercc1Δ/- mice. 

We showed that attenuating Ercc1 protein resulted in skeletal muscle loss of mass and 

activity and change in muscle fibres size and profile in Ercc1Δ/- progeric mice. So far, the 

antagonising of myostatin/activin signalling rescued most of the sarcopenic phenotype 

related to Ercc1Δ/- albeit not to control level. It was well established that the maintenance 

of muscle size and activity is primarily mediated by the maintenance of cell ultrastructure 

milieu, especially mitochondria (Powers et al., 2012). A study by Merkwirth and Langer has 

reported that mitochondrial integrity and function were affected by the levels of 

inflammation and Prohibitin genes (Merkwirth and Langer, 2009). Further studies on cell 

microenvironment demonstrate the role of epigenetic modification in the maintenance of 

heterochromatin that changes with age (Benayoun et al., 2015, Liu et al., 2013). 

Furthermore, the ageing process causes a variable change in the level of histone 

modifications markers. The ageing progression leads to decrease H3K9me3 but an increase 

in H4K20me3 (Ocampo et al., 2016).  

Therefore, the forelimb Biceps brachii (BB) muscles were isolated, fixed and used for 

transmission electron microscopy (TEM) work. Secondly, a level of mitochondrial unfolding 

protein, inflammation markers and Prohibitin genes expression were profiled in 

gastrocnemius muscle by qPCR. Finally, muscle sections of EDL were immunostained using 

antibodies against H3K9me3 and H4K20me3 to detect histone modifications. 

Hind limb muscles, EDL and Gastrocnemius, and forelimb Biceps brachii from three cohorts 

of mice (Control, Ercc1Δ/- and Ercc1Δ/- treated) were examined. A minimum of 100 

measurements per section was taken in each muscle section for immunostaining work. 

We used a transmission electron microscope (TEM) to examine the ultrastructure of 

skeletal muscle in the three cohorts. We showed the ultrastructure abnormalities were 

evident in the muscle from Ercc1Δ/- mice including absent and faint Z-lines indicated by blue 

and black arrows in figures, nonuniform sarcomere indicated by red arrows in figures and 

large intersarcomeric spaces indicated by black arrowheads in figures compared to controls 

(Figure 5.15. A, B, D, E, G and H). These abnormalities were mostly absent in muscle from 

Ercc1Δ/- mice treated with sActRIIB (Figure 5.15. C, F and I). Mitochondrial density was lower 

in Ercc1∆/- mice both within the fibre (sarcomeric region) and directly under the 

sarcolemma compared to control group (Figure 5.15. J-K). Of particular note was the 
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alteration (swelling) of mitochondria in Ercc1∆/- mice both within the fibre and immediately 

under the sarcolemma compared to control group (Figure 5.15. H, L-M). The mitochondrial 

size was reduced by the treatment with sActRIIB in Ercc1∆/- mice (Figure 5.15. L-M). 

Mitochondrial hypertrophy is a protective response to a decrease in mitochondrial function 

or number or an indicative excessive fusion (Frank et al., 2001, Terman and Brunk, 2004b, 

Garcia-Prat et al., 2016). It is thought to promote mitochondrial survival by upregulating a 

stress response programme. Indeed, we found that there was an increase in the expression 

of critical genes involved in the mitochondrial unfolding protein response (UPRmt) pathway 

in the muscle from Ercc1Δ/- mice and were normalised to control level after sActRIIB 

treatment (Figure 5.16. A). We also examined the levels of inflammatory and Prohibitin 

genes which support the mitochondrial function of ensuring the correct folding of the 

cristae (Merkwirth and Langer, 2009). Expression of IL6 and IL18, as well as two essential 

Prohibitin genes (Phb and Phb2), appeared slightly elevated in the muscle of Ercc1Δ/- mice 

and were normalised to control level after sActRIIB treatment (Figure 5.16.B and C).  

Lastly, we examined whether muscle harboured epigenetic modifications involved in the 

maintenance of heterochromatin that changes with age (Benayoun et al., 2015, Liu et al., 

2013). The ageing process causes a decrease in the level of H3K9me3 but an increase in 

H4K20me3 (Ocampo et al., 2016). H3K9me3 was decreased, and H4K20me3 increased in 

Ercc1Δ/- animals in keeping with an age-related change (Figure 5.16. D-E). Both features 

were normalised following sActRIIB treatment (Figure 5.16. D-E). These results 

demonstrate sub-cellular defects in the Ercc1Δ/- muscle and the expression of genes 

indicative of on-going stress. The sActRIIB treatment prevented the development of many 

of these abnormal features. 
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Figure 5.15. Antagonise myostatin/activin signalling enhance microstructures in biceps brachii 

muscle of Ercc1Δ/- investigated by TEM longitudinal image. 

The TEM work has been done by Oliver Kretz, University of Freiburg, Germany. 

 (A) Low power image of control muscle. (B) Low power image of Ercc1Δ/- muscle. Note large 

spaces (black arrowheads), non-uniform sarcomere width (red arrows) dilated sarcomeric 

mitochondria (red arrowheads), split sarcomere (black arrow) and disrupted M-Line (blue 

arrow). (C) Low power image of sActRIIB-treated Ercc1Δ/- muscle. (D) Higher magnification of 

sarcomeric region of control muscle showing uniformly sized mitochondria (black arrows). (E) 

Enlarged mitochondria in sarcomeric region of Ercc1Δ/- muscle (blue arrowhead) and absent 

(blue arrow) or faint Z-line (black arrow). (F) Higher magnification of sarcomeric region of 

treated Ercc1Δ/- mice showing smaller sarcomeric mitochondria (black arrows). (G) Sarcolemma 

region of control muscle showing compact mitochondria (red arrowhead). (H) Dilated (blue 

arrowhead) and aberrant mitochondria (blue arrow) in sub-sarcolemma region of Ercc1Δ/- 

muscle. (I) Sarcolemma region of treated Ercc1Δ/- mice showing compact mitochondria (red 

arrowhead). (J-K) Sarcomeric (intrafusal) and sub-membrane mitochondrial density 

measurements. (L-M) Sub-membrane and sarcomeric (intrafusal) mitochondrial size 

measurements. All mice were at the same age, n= 6-7 for all cohorts. The sActRIIB were IP 

injected starting from week 7 of age to week 15. One-way ANOVA followed by Bonferroni’s 

multiple comparison tests, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5.16.  Gene expression of ageing key regulator factors. 

(A) Expression of Mitochondria Unfolded Protein response gene (UPRmt) in gastrocnemius 

muscle. (B) Expression of inflammatory genes in gastrocnemius muscle. (C) Expression of 

prohibitin genes in gastrocnemius muscle. (D) Quantification of EDL fibres expressing H3K9me3 

and (E) H4K20me3. (F) Representative images of EDL muscle immunostained against H3K9me3 

from all 3 cohorts. The RNA that use here for qPCR were obtained from gastrocnemius muscle 

for all 3 cohorts. (G) Representative images of EDL muscle immunostained against H4K20me3 

from all 3 cohorts. A total of 100 fibres were analysed and the positive nucleus for histone 

markers were presented as percentage regarding total fibres number. The RNA that use here 

for qPCR were obtained from gastrocnemius muscle for all 3 cohorts. The sActRIIB were IP 

injected starting from week 7 of age to week 15. All mice were at the same age, n= 8-9 for all 

cohorts. Scale is 100 µm. Non-parametric Kruskal-Wallis test followed by the Dunn’s multiple 

comparisons used in (A-B) and rest with one-way ANOVA followed by Bonferroni’s multiple 

comparison tests, *p<0.05, **p<0.01, ***p<0.001. 



Chapter 5 
 

148 
Khalid Alyodawi 

5.7. Mechanisms underlying fibre size changes before and after sActRIIB treatment in 

Ercc1Δ/- mice.  

We demonstrate that disrupting Ercc1 gene resulted in a phenotype characterised by 

skeletal muscle mass loss via reducing fibres size in Ercc1Δ/- progeric mice. However, the 

antagonising of myostatin/activin signalling rescued most of the sarcopenic phenotype 

related to Ercc1Δ/- albeit not to control level. We investigated the mechanisms 

underpinning muscle fibres enlargement resulting from the sActRIIB injection. In general, 

it is well established that the maintenance of skeletal muscle growth achieved by the 

dynamic balance between protein synthesis and degradation. Two studies by Sandri and 

Glass demonstrated that protein synthesis is regulated by AKT/mTOR pathway and protein 

degradation by the AKT/FoxO pathway (Sandri, 2008, Glass, 2005). The cross talk between 

Myostatin and AKT/mTOR signalling pathway was also investigated and revealed a central 

role of Myostatin in regulating muscle protein synthesis and degradation (Elliott et al., 

2012).  

Therefore, the hindlimb Gastrocnemius muscles were isolated, frozen and used for 

Western blot and qPCR work. Autophagy marker was detected in muscle sections of EDL 

muscle via immunostaining using antibodies against p62. 

All muscles (hind limb muscles EDL and Gastrocnemius) were from three cohorts of mice 

(Control, Ercc1Δ/- and Ercc1Δ/- treated). A minimum of 100 measurements per section was 

taken in each muscle section for immunostaining work. The number of animals was 5 for 

western blot all cohorts and 8 animals of all cohorts for other work. 

We showed, surprisingly, the levels of phosphorylated Akt (an inducer of anabolism) was 

elevated in the muscle from 16-week old mock-treated Ercc1Δ/- mice (Figure 5.17. A). Next, 

we examined downstream targets of pAkt and found that there was a slight decrease in the 

phosphorylation of 4EBP1 at Thr37/46 but none at Ser65 (Figure 5.17. B). However, there 

was an elevated level of phosphorylation at another pAkt target, S6 (Figure 5.17. C). The 

effect of sActRIIB on the anabolic programme of Ercc1Δ/- muscle showed a general increase 

in the level of pAkt, as well as its two downstream targets, 4EBP1 and S6, relative to both 

mock-treated Ercc1Δ/- and control groups (Figure 5.17. A-C). After that, we probed the 

catabolic programme and found that activity of FoxO1 and FoxO3a, critical regulators of 

ubiquitin-mediated protein breakdown (FoxO1 significantly, FoxO3a not so) were generally 

decreased in the muscle from Ercc1Δ/- mice (Figure 5.17. D-E), and increase after treatment 
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even to a level exceeding control. Expression of both MuRF1 and Atrogin-1, downstream 

targets of FoxO1 and FoxO3a, were elevated at the RNA level in the muscle of Ercc1Δ/- mice 

(Figure 5.17. I-J). The LC3 autophagy activity was suppressed compared to controls (Figure 

5.17. F). Treatment with sActRIIB caused an elevation in the levels of inactive FoxO1 and 

FoxO3a (Figure 5.17. D-E) and a decrease in the expression of MuRF1 but, surprisingly, not 

Atrogin-1. (Figure 5.17. I-J). Expression of Mul1, a key regulator of mitophagy (Rojansky et 

al., 2016) did not differ between the three groups (Figure 5.17. K). Significantly we found 

an increase in the level of autophagy gauged by the LC3II/I ratio and levels of p62 following 

sActRIIB treatment (Figure 5.17. F-G). We quantified the presence of p62 puncta which has 

been used as an indicator of autophagic flux, with an increase in the numbers of p62 puncta 

implying a decrease in autophagic activity (Abbey et al., 2004). The number of p62 puncta 

per given area was higher in Ercc1Δ/- EDL muscle compared to controls, and their levels were 

reduced by sActRIIB treatment (Figure 5.17. L-M). Treatment of Ercc1Δ/ mice with sActRIIB 

resulted in a non-significant increase in the amount of active eIF2a, a vital regulator of the 

endoplasmic reticulum Unfolded Protein Response (UPRER) programme (Figure 5.17. H). At 

the organismal level, we found that the rate of protein synthesis was elevated (but not to 

significant levels) in Ercc1Δ/- mice and further elevated by sActRIIB treatment (Figure 5.17. 

N). The abundance of ubiquitinated proteins was elevated in the muscle of Ercc1Δ/- mice 

but reduced by sActRIIB treatment (Figure 5.17. O).  

These results reveal unique characteristics considering the changes in muscle mass in the 

progeric mice. The muscle of Ercc1Δ/- mice activates both its protein synthesis pathway and 

has elevated gene expression of molecules that control protein breakdown. However, 

autophagy is blunted. Treatment of Ercc1Δ/- with sActRIIB results in an increase in the 

activity of molecules controlling protein synthesis as well as an overall rate of protein 

synthesis, a decrease in the abundance of ubiquitinated proteins E3 as well as an increase 

in key regulators of autophagy. 
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Figure 5.17. Western blotting and qPCR demonstrating that sActRIIB promotes protein 

synthesis and autophagy but blunts proteasome protein breakdown in Ercc1Δ/- muscle. 

Immunoblots and densitometry quantification of (A) pAkt, (B) p4EBPI on Thr37/46 and Ser65, 

(C) pS6, (D) pFoxO1, (E) pFoxO3a, (F) LC3II/I, (G) p62 and (H) eIF2α. (I-K) qPCR quantification of 

Atrogin-1, MuRF1, Mul1 expression. (L) Quantification of p62 puncta. (M) Immunohistology of 

p62 puncta in the EDL muscle (green arrows) (N) Densitometry quantification of total puromycin 

incorporation (protein synthesis rate). (O) Densitometry quantification protein ubiquitination. 

All western blotting analysis and qPCR done on proteins and RNA from gastrocnemius muscle 

from all three cohorts. A total of 100 fibres were analysed for p62 and the fibres with positive 

localisation of this protein represented as a percentage regarding total fibres number. The 

sActRIIB were IP injected starting from week 7 of age to week 15. All mice were at the same age, 

n=5 for all western blots and n=8 for rest. Non-parametric Kruskal-Wallis test followed by the 

Dunn’s multiple comparisons used for (A-H and N-O). One-way ANOVA followed by Bonferroni’s 

multiple comparison test used for (I-K). *<0.05, **<0.01, ***p<0.001.  
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5.8. Discussion  

Loss of muscle mass and function with age, i.e. sarcopenia, invariably leads to a reduced 

quality of life by impacting on mobility and stability, which leads to an increase in the 

incidence of fall-related injury. More importantly, sarcopenia predisposes individuals to 

adverse disease outcomes (cardiovascular and metabolic diseases) and mortality 

(Srikanthan and Karlamangla, 2014, Kim et al., 2015). Exercise, protein intake and calorie 

restricted were used as a suggested therapy of sarcopenia (McCormick and Vasilaki, 2018). 

However, enhance muscle growth strategy, such as myostatin inhibitor, have a debate 

because it conflicts with the theory that shows the tissue with ageing will provoke stress 

response that shifts the resource from growth to maintenance.   

Here we investigated the pathways and mechanisms underpinning increased skeletal 

muscle mass after treated with sActRIIB in Ercc1Δ/- mice. Based on the concept that DNA 

damage induces a survival response that promotes maintenance programmes on the 

expense of growth one would predict that augmenting muscle growth would, in the long 

run, exacerbate the pathological features in a progeroid model. What we find is something 

entirely different; sActRIIB treatment before the onset of progeria can scale down the signs 

of ageing in skeletal muscle, notwithstanding NER defects. 

The main finding of this part was the antagonise myostatin/activin signalling enhanced 

skeletal muscle mass in Ercc1Δ/- progeric mice by increase fibres size and maintained total 

fibres number. The mechanism underpinning muscle growth was investigated and revealed 

an increase in protein synthesis markers and reduce protein degradation. The increase in 

muscle growth was combined by enhancement of fibres condition by reducing the level of 

fibres damage on both macro and microstructure. However, we show that treatment with 

sActRIIB intensifies the glycolytic and fast profile of skeletal muscle in Ercc1Δ/- mice. 

Furthermore, sActRIIB injection reduces capillary density and mitochondrial biogenesis in 

progeric mice.  

One of the most apparent signs of ageing in humans is sarcopenia; the involuntary loss of 

skeletal muscle mass and function over time (Rosenberg, 1997). It becomes evident at 

middle age in humans with a loss of 0.5-1% of mass per year, which increases in the seventh 

decade (Nair, 2005). As a model of accelerated ageing, we show that muscle of Ercc1Δ/- 

progeroid undergoes severe wasting, compared to controls, hindlimb muscle mass was less 

than controls of 40-60%. In a previous study, using sActRIIB resulting in induces significant 
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increases in body mass and muscle weight in less than four weeks in wild-type and disease 

mouse model (Relizani et al., 2014). Our result shows that the IP-injection of male Ercc1Δ/- 

mice twice a week with sActRIIB from 7-week of age till week 16 could increase muscle 

mass by 30-62% compared to untreated progeric. As shown before, the hind limb muscles 

of Mstn null increase in size and this increment achieved by individual muscle fibre 

hypertrophy and hyperplasia (Amthor et al., 2007, McPherron and Lee, 1997), we show 

that the introduction of sActRIIB induced fibre hypertrophy in all fibres type and even larger 

than control in Soleus’s MHCI and MHCIIA. The total fibre number was elevated in Ercc1Δ/- 

mutants and maintained by sActRIIB. We suggest the higher fibre number in Ercc1Δ/- mice 

compared to control could be resulting from myofibers splitting. As evidence of branching, 

we find many damaged fibres, increase in the centrally located nucleus, fibres apoptosis 

(increase level of caspase-3) and increasing the proportion of fibres with hyper SDH activity, 

as evidence of abnormal mitochondrial activity that leads to apoptosis (Cheema et al., 

2015), in Ercc1Δ/- mice. The same condition was reported in mdx mice were the hyperplasia 

with a concomitant increase in fibres proportion with centrally nucleated as evidence of 

fibres branching (Faber et al., 2014).  

It has been reported that MHCs profile shows evidence of shifting from fast to slow and 

shift toward oxidative metabolism with ageing (Doran et al., 2009). One of the limitations 

of our progeric mice as a model of ageing, the results of the MHC profile shifted from slow 

to fast and decrease the oxidative activity of fibres.  However, MHCIIa and MHCIIb in the 

superficial portion of the TA follow the same trend of natural age (see figure 3.7.C). 

Deletion of the myostatin gene leads to a reduction in slow fibres proportion and reduce 

oxidative property of myofibers in Myostatin null mice (Amthor et al., 2007, Lipina et al., 

2010). We find the same results with the Ercc1Δ/- mice after treated with sActRIIB, where 

the percentage of glycolytic fibres increase in treated mice. Then we investigated the 

mechanism underpin fibres profile shifting in Ercc1Δ/- mice after sActRIIB injection. 

Myostatin is a member of the TGF-β family and its defined as an inhibitor of muscle 

development and promoter of oxidative metabolism, and mutation of its gene leads to 

hypertrophic glycolytic fibres (McPherron and Lee, 1997, Amthor et al., 2007). Amthor et 

al. were showed a reduction in mitochondrial density in myostatin null mice and that could 

be resulting in increased fatigability of the muscle (Amthor et al., 2007). Beside the 

mitochondrial density, the oxidative metabolism is relying on mitochondrial activity. A 
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study by Baligand et al. show alteration in mitochondrial ATP synthesis in the muscle of 

myostatin null mice (Baligand et al., 2010).  Diminishing in mitochondrial activity will affect 

skeletal muscle contraction properties since mitochondria are the primary source of ATP 

production in skeletal muscle (Ljubicic et al., 2010). Changes in mitochondrial activity 

resulting in oxidative stress and lead to impairs muscle contractile properties (Reid et al., 

1993). 

Furthermore, the myostatin null mice show a reduction in mitochondrial enzyme activity 

such as succinate dehydrogenase and cytochrome oxidase (Amthor et al., 2007) and that 

could be interpreted the oxidative profile shifting toward more glycolytic after antagonising 

myostatin. Maintain the glycolytic profile by sActRIIB injection in progeric mice was with a 

concomitant decrease in capillary density and angiogenesis factors. Moreover, that was the 

case in myostatin null mice (Savage and McPherron, 2010, Amthor et al., 2007, Lipina et 

al., 2010). 

Additionally, the expression level of mitochondrial genes was also reduced after sActRIIB 

treatment in Ercc1Δ/- mice. The principal regulator of oxidative properties in muscle, PGC1α 

(Ploquin et al., 2012), was also reduced after sActRIIB treatment in Ercc1Δ/- mice. 

Furthermore, the level of fat metabolism markers, that consider a sign of oxidative 

metabolism (Jeukendrup, 2002), show the low level in Ercc1Δ/- mice after sActRIIB 

treatment.  

Although sActRIIB treated Ercc1Δ/- mice reduced the oxidative metabolism of skeletal 

muscle, the TEM work showed normalisation in mitochondrial distribution and 

ultrastructure. We show that the swelling of mitochondria, a protective response in a stress 

situation (Frank et al., 2001, Terman and Brunk, 2004b, Garcia-Prat et al., 2016), decreased 

in the sarcomeric region and under the sarcolemma after sActRIIB treatment in Ercc1Δ/- 

mice. Furthermore, there was a redistribution of mitochondria by an increase in the 

population of mitochondria in sub sarcolemma region after treatment. A study by Harper 

et al. demonstrated the dominant role of the mitochondrial electron transport chain (ETC) 

pathway in the production of Reactive Oxygen Species (ROS) (Harper et al., 2004). A further 

study documents that the chronic exposure to ROS as a result of mitochondrial dysfunction 

involved in protein, lipid and DNA damage (Jackson, 2011) and that exuberate the situation 

in Ercc1Δ/- mice with impaired DNA damage repair. We show that elevated level of ROS in 

Ercc1Δ/- mice as detected by DHE stain were reduced, although not to control level, after 
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sActRIIB injection. TEM work that shows normalisation in mitochondria shape and 

distribution was also revealed an absence of most of the abnormalities in Z-line and 

sarcomeres after sActRIIB treatment that we find in Ercc1Δ/- mice.  

Further investigation revealed qualitative enhancement of sActRIIB’s treated progeric 

mice. As mentioned above the mitochondrial hypertrophy provokes a protective response 

to promote mitochondrial survival by upregulating a stress response programme. Indeed, 

we found that there was an increase in the expression of critical genes involved in the 

mitochondrial unfolding protein response (UPRmt) pathway in the muscle from Ercc1Δ/- 

mice which are normalising to controls level after sActRIIB treatment. Besides, the levels of 

inflammatory and Prohibitin genes which support the mitochondrial function of ensuring 

correct folding of the cristae (Merkwirth and Langer, 2009) were slightly elevated in the 

muscle of Ercc1Δ/- mice were also reduced to the level of controls in Ercc1Δ/- treated mice. 

Examination of the level of epigenetic modifications markers, H3K9me3 and H4K20me3 

that maintained heterochromatin and changed with age (Benayoun et al., 2015, Liu et al., 

2013) showed the same pattern of what has been reported with ageing. The ageing process 

causes a decrease in the level of H3K9me3 but an increase in H4K20me3 (Ocampo et al., 

2016). The sActRIIB injection was largely normalised both features in Ercc1Δ/- mice to 

controls level. 

The antagonising of myostatin/activin signalling, as we mentioned above, protect the 

progeric mice from loss of skeletal mass. Further investigation shows that the increase in 

skeletal muscle mass resulted mainly from an increase in cross-sectional area of myofibre. 

It is well established that muscle myofibers growth depends on the balance between 

protein synthesis and degradation (Nader, 2005). Surprisingly we found an increase in the 

level of phosphorylated Akt (pAkt), a key regulator of protein synthesis, and an increase in 

protein synthesis detected by increase puromycin level as an indicator for newly forming 

protein, in Ercc1Δ/- mice. However, the downstream target of pAkt, 4EBP1, were slightly 

reduced at Thr37/46 but none at Ser65. Another pAkt target, S6, was highly phosphorylated 

in non-treated Ercc1Δ/- mice. The increase in skeletal muscle mass in Ercc1Δ/- treated with 

sActRIIB resulted from an enhancement of the anabolic programme demonstrated by a 

dramatic increase in the level of pAkt, as well as its two downstream targets, 4EBP1 and 

S6, relative to both mock-treated Ercc1Δ/- and control groups. The level of newly formed 

proteins as detected by puromycin was also elevated in Ercc1Δ/- mice after sActRIIB 
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treatment. The catabolic programme was generally decreased in Ercc1Δ/-, as the activity of 

FoxO1 and FoxO3a, critical regulators of ubiquitin-mediated protein breakdown were 

reduced even to a level lower than control. However, the ubiquitinated protein level was 

increased in Ercc1Δ/- mice with a concomitant increase in the expression level of both 

MuRF1 and Atrogin-1. 

The sActRIIB treatment increased both FoxO1 and FoxO3a and reduced both ubiquitination 

and MuRF1 but not Atrogin-1 in Ercc1Δ/- mice. The FoxO proteins also have an essential role 

in regulating the autophagy (Bonaldo and Sandri, 2013), the case that leads to an elevated 

level of abnormal mitochondria and damage to ultrastructure was resulted from reducing 

autophagy in Ercc1Δ/- mice. 

In contrast, Omairi et al. proposed that the role of autophagy is to maintain cellular 

homeostasis rather than catabolism (Omairi et al., 2016). The LC3 autophagy activity was 

suppressed in Ercc1Δ/- mice compared to controls and increase after sActRIIB treatment. 

However, the specific marker for mitochondrial autophagy or mitophagy, Mul1 (Rojansky 

et al., 2016), was not changed in 3 cohorts. The quantification of the presence of p62 

puncta, which has been used as an indicator of autophagic flux increased, implying a 

decrease in autophagic activity (Abbey et al., 2004). Treatment of Ercc1Δ/- mice with 

sActRIIB resulted in a non-significant increase in the amount of active eIF2a, a vital 

regulator of the endoplasmic reticulum Unfolded Protein Response (UPRER) programme. 

These results reveal unique characteristics considering the changes in muscle mass in the 

progeric mice. The muscle of Ercc1Δ/- mice activates both its protein synthesis pathway and 

has elevated gene expression of molecules that control protein breakdown. However, 

autophagy is blunted. Treatment of Ercc1Δ/- with sActRIIB results in an increase in the 

activity of molecules controlling protein synthesis as well as the overall rate of protein 

synthesis, a decrease in the abundance of ubiquitinated proteins E3 as well as an increase 

in key regulators of autophagy. 
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Chapter 6 Results 

The normalisation of Ercc1Δ/- extracellular 

components by sActRIIB and differentiation and 

self-renewal of its satellite cells. 
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6.1. Introduction  

Like other organs, skeletal muscle composed of several compartments works coordinately 

perform to form the tissue. The high-performance action of skeletal muscle needs 

supporting tissue to maintain muscle structure and function (Gillies and Lieber, 2011). 

Dystrophin-glycoprotein complex (DGC) play an essential support role by connecting the 

internal structures of the myofibres, cytoskeleton, to the extracellular matrix (ECM) 

(Gumerson and Michele, 2011, Gillies and Lieber, 2011). These supportive compartments 

bind and work together, for instance, component from ECM, such as laminin, bind to the 

transmembrane compartment, β-Dystroglycan, and also bind to basal lamina member, 

collagen IV (Allamand et al., 2011). The DGC compartments support skeletal muscle to 

perform and transmit force to ECM to do the action and protect it from contraction-

induced damage (Kjaer, 2004). The importance of supporting compartment in skeletal 

muscle health is shown as many pathological conditions occur due to mutations in genes 

of DGC or ECM for example, Dystrophin mutation leads to Duchenne Muscular Dystrophy 

(DMD) and Becker Muscular Dystrophy (BMD) (Kunkel et al., 1989). Dystrophin is a key 

intercellular component that links the cytoskeleton to the ECM (Hoffman et al., 1987, 

Ervasti and Campbell, 1993).   A physiological condition such as ageing leads to changes in 

ECM and associated with reducing muscle strength and mechanical properties (Kragstrup 

et al., 2011). Deposition of proteins such as collagen and laminin are reported to change 

with ageing (Kovanen et al., 1988). Another study reports the ability of ageing to reduce 

the gene expression of ECM protein compartments (Pattison et al., 2003). Another study 

showed a different profile with ageing in different muscles; the amount of dystrophin was 

increased in EDL and decrease in Soleus with ageing (Rice et al., 2006). Another study report 

an age-related loss of dystrophin protein in TA muscle (Hughes et al., 2017). Furthermore, 

many studies show different deposition of another compartment of ECM. A study on rat 

shows that the level of collagen IV increased with age (Kovanen et al., 1988) however 

another study in human show increase collagen deposition with peaked in the 50s and 

reduced at the age of 80s (Inokuchi et al., 1975). 

Satellite cells, the myofiber’s resident stem cells, mediate skeletal muscle repair and 

regeneration and are located under the basal lamina (Mauro, 1961, Zammit et al., 2006). 

Satellite cells have two fates upon activation and proliferation, 1) differentiation and 
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incorporate into mature muscle fibre for repair or growth, or 2) supply the pole of stem cell 

(Almeida et al., 2016). Activated satellite cells differentiate to myoblasts and then 

terminally turned to postmitotic myonuclei (Bischoff and Heintz, 1994). Physiological and 

disease conditions that change the metabolic properties of skeletal muscle fibres could 

affect the satellite cells population. Several studies show a positive relationship between 

the oxidative profile and increase satellite cell presentation (Putman et al., 1985, Christov 

et al., 2007). For instance, the number of satellite cell was less in the EDL than the Soleus 

muscle they have glycolytic and oxidative profile, respectively (Gibson and Schultz, 1983). 

Knocking out the myostatin gene, that results in skeletal muscle hypertrophy with reduced 

satellite cells population (Amthor et al., 2007). 

Myofibers are multinucleated post-mitotic cell form from the fusion of differentiated 

myoblast (Mauro, 1961). As a big cell, myofibre nuclei abundance provide transcriptional 

information to cover the whole myofibre (Bruusgaard et al., 2003, van der Meer et al., 

2011). Nuclei are distributing throughout the fibres to ensure covering cytosol without 

challenging of signals transport (Bruusgaard et al., 2003).  

The alteration in ECM and DGC proteins deposition and properties in skeletal muscle in 

ageing was affecting both contraction and satellite cell activity. As the Ercc1∆/- mice shows 

many similarities with naturally aged mice, we did investigate the effect of disruption of 

ERCC1 and the effect of sActRIIB treatment afterwards on the force transduction 

compartment, satellite cell number and activity, and myonuclei abundant.  

Our result shows that sActRIIB treatment before the onset of progeria can change the 

components of ECM and DGC skeletal muscle and enhance satellite cells proliferation and 

differentiation, notwithstanding NER defects. However, the sActRIIB treatment did not 

rescue the reduction in myonuclei number.  

One EDL muscle was frozen, cryosectioned and immunostained using antibodies for 

Dystrophin and Collagen IV to measure these proteins deposition. The other EDL muscle 

was incubated in collagenase for single fibres isolation and used to detect the satellite cell 

and myonuclei number. These fibres were incubated for 72 hours to monitor the satellite 

cell proliferation and differentiation. Antibodies applied on single fibres, against Pax7 and 

Myogenin, to detect the number, proliferative and differentiation program with 

counterstain of DAPI to visualise the myonuclei. Gastrocnemius muscle was used for qPCR 

works. Primers were used to detect the RNA expression for both Dystrophin and collagen 
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IV. The procedures and technique used in this chapter were explained in detail in the 

methods chapter. 

The main observations of this chapter are, firstly, muscles from Ercc1Δ/- treated mice 

overexpress level of both Dystrophin and collagen IV and are higher than both Ercc1Δ/- and 

controls. The reduction in dystrophin thickness in Ercc1Δ/- muscles were enhanced after 

sActRIIB treatment. Secondly, sActRIIB injection mitigates the reduction in satellite cell 

ability to proliferate and differentiate in Ercc1Δ/-; however, did not rescue the reduction in 

the number found in freshly isolated fibres. Finally, antagonise, the myostatin/activin 

signalling did not affect the myonuclei number in Ercc1Δ/- mice.  
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6.2.  The Activin ligand trap normalise extracellular component in Ercc1Δ/- mice 

We investigate the extracellular components since skeletal muscle force transmission relies 

on proteins that link the contractile apparatus to the extracellular matrix (ECM). We 

examined two of its components and determined how they were modified by the Ercc1Δ/- 

genotype and after that by sActRIIB treatment. For that, we apply the fluorescence 

microscopy-based techniques to measure the dystrophin intensity and qPCR to quantify 

the RNA expression of dystrophin and collagen IV. Firstly, we examined the expression of 

Dystrophin, and we show that dystrophin RNA expression was decreased in the Ercc1Δ/- 

muscle, which was subsequently increased to levels higher than controls by sActRIIB (Figure 

6.1.A). We measured the amount of Dystrophin located between fibres expressing MHCIIb 

and also between fibres not express MHCIIb using quantitative immuno-fluorescence and 

confirmed its reduction in the Ercc1Δ/- muscle compared to controls and was significantly 

increased by sActRIIB in both sites (Figure 6.1.B and D). After that we examined the 

expression of Collagen IV as basement membrane component important for force 

transmission. We found that collagen IV expression was slightly decreased albeit not 

reaching statistical significance in Ercc1Δ/- muscle (Figure 6.1.C). However, sActRIIB caused 

its level to increase over both untreated Ercc1Δ/- and control levels (Figure 6.1.C). Collagen 

IV gene expression levels were reflected at the protein level at the myofibre surface (Figure 

6.1.E).  

Overall the antagonise myostatin/activin in Ercc1Δ/- mice enhance the level of ECM 

component the essential parts in the myofibre for both contractile apparatus and stem cell 

milieu. 
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Figure 6.1. Normalisation of Ercc1Δ/- extracellular components by sActRIIB.  

(A) Dystrophin gene expression measured by qPCR. (B) Measure of Dystrophin in fibre-type-

specific manner using quantitative immunofluorescence. (C) Measure of Collagen IV expression 

profiling by qPCR. (D) Representative immunofluorescence image for Dystrophin expression in 

EDL muscle. (E) Representative immunofluorescence image for Collagen IV expression in EDL 

muscle. The sActRIIB were IP injected starting from week 7 of age to week 15. A total of 100 

measurements were done on EDL muscle sections to measure the thickness of both ECM 

proteins in all 3 cohorts. All mice were at the same age, n=7 for all cohorts. Non-parametric 

Kruskal-Wallis test followed by the Dunn’s multiple comparisons used. *p<0.05, **p<0.01. 
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6.3.   sActRIIB treatment enhance satellite cell proliferation in Ercc1Δ/- mice.  

We showed the antagonise of myostatin/activin in Ercc1Δ/- mice enhance the level of ECM 

component the essential parts in the myofibre for both contractile apparatus and stem cell 

milieu. To investigate the effect of ECM modulation by sActRIIB injection on stem cells, we 

examined features of individual myofibres. A study by Day et al. showed a decrease in the 

number of satellite cells with ageing (Day et al., 2010). We found the similar result; we 

show that the number of satellite cells in the freshly isolated fibres (T0) from the EDL from 

either PBS- or sActRIIB-treated Ercc1Δ/- mutants were significantly lower than the satellite 

cells number in control mice (Figure 6.2.A). On top of the decline in satellite cell number, it 

was reported that there is a reduction in proliferative capacity with ageing in wild type mice 

(Parker, 2015). Here we investigated the proliferative capacity of the satellite cells from the 

three cohorts and found that after 24 hours, there was no change in satellite cells number 

in all three cohorts examined (Figure 6.2.B). The cluster of satellite cell per fibres also 

significantly less in Ercc1Δ/- mice and was not affected by sActRIIB treatment (Figure 6.2.E). 

The number of satellite cell after 48 hours of incubation proliferated from 4 cells per fibres 

in control at 24 hours culture to 9.5 cells per fibres, however, in both Ercc1Δ/- treated and 

non-treated were increase by one cell each compared to 24 hours cultures (Figure 6.2.C). 

Cluster per cell also increase in control after 48 hours incubation from 4 clusters per fibres 

in control at 24 hours culture to 6.5 cells per fibres, however, in both Ercc1Δ/- treated and 

non-treated were increased by one cluster each compared to 24 hours cultures (Figure 

6.2.F). After 72 hours of culture, the population from control fibres had undergone a 3-fold 

increase compared to original numbers (Figure 6.2.D) and cluster increase by about one-

fold (Figure 6.2.G). In sharp contrast, the satellite cells from PBS-treated Ercc1Δ/- mice failed 

to undergo any significant proliferation as cell or cluster. Importantly, sActRIIB treatment 

of Ercc1Δ/- mice resulted in satellite cells being able to undergo a 2.3-fold increase in a cell 

per fibre number and increase in the cluster by 1.5 clusters (Figure 6.2.D and G). We then 

count the ability of a single satellite cell to proliferate and make a nest of cells, so we count 

a cell per each cluster. As we count the cells per cluster at T24, all cohorts start with one 

cell per cluster and increase by about 0.5 cells in T48 (Figure 6.2.H and I). At 72 culture, 

control increase by 1-fold compared to T24, and the treated Ercc1Δ/- have more cell per 

cluster; however, not significant increase (Figure 6.2.J). 
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Therefore, sActRIIB treatment mitigates abnormalities in satellite cell proliferation in 

Ercc1Δ/- animals. However, it did not normalise the low satellite cell number found in mock-

treated Ercc1Δ/- mice. 
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Figure 6.2. Increase satellite cell proliferation in Ercc1Δ/- mice in response to sActRIIB treatment 

Quantification of satellite cells on (A) freshly isolated EDL fibres, (B) after 24hr culture, (C) after 

48hr culture and (D) after 72hr culture. Quantification of cluster on EDL fibres after (E) 24hr culture, 

(F) 48hr culture and (G) 72hr culture. Quantification of cell per cluster on EDL fibres after (H) 24hr 

culture, (I) 48hr culture and (J) 72hr culture. Fibres collected from 3 mice from each cohort and 

minimum of 25 fibres examined. The sActRIIB were IP injected starting from week 7 of age to week 

15. All mice were at the same age. one-way ANOVA followed by Bonferroni’s multiple comparison 

tests was used, *p<0.05, **p<0.01, ***p<0.001. 
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6.4.   The normalisation of satellite cells differentiation and self-renewal in Ercc1Δ/- mice 

by sActRIIB. 

In the previous results, we showed an improvement in satellite cell proliferation in Ercc1Δ/- 

animals after sActRIIB treatment. Here we examined features of a satellite cell in term of 

differentiation on individual myofibres to determine the effect of sActRIIB treatment. As a 

satellite cell differentiates, it downregulates Pax7 and upregulates Myogenin (Zammit et 

al., 2006). We count the differentiated (Pax7-/Myogenin+) versus quiescent 

(Pax7+/Myogenin-) after 72h in culture from control, Ercc1Δ/- and Ercc1Δ/- treated. We found 

that the attenuated differentiation programme of satellite cells from Ercc1Δ/- mice were 

normalised by sActRIIB treatment (Figure 6.3. A-B).  

Overall, sActRIIB treatment mitigates abnormalities in satellite cell differentiation and self-

renewal programmes in Ercc1Δ/- animals. 
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Figure 6.3. Normalisation of Ercc1Δ/- differentiation and self-renewal of its satellite cells by 

sActRIIB. 

(A) Quantification of EDL differentiated (Pax7-/Myogenin+) versus quiescence (Pax7+/Myogenin-

) after 72h in culture. Fibres collected from 3 mice from each cohort and minimum of 25 fibres 

examined. (B) Representative images of control, mock-treated Ercc1Δ/- and sActRIIB-treated 

Ercc1Δ/-
 

fibre examined at 72h for expression of Myogenin (red) and Pax7 (green). Arrows 

indicated satellite cell progeny. Fibres collected from 3 mice from each cohort and minimum of 

25 fibres examined. The sActRIIB were IP injected starting from week 7 of age to week 15. Scale 

50μm. All mice were at the same age. one-way ANOVA followed by Bonferroni’s multiple 

comparison tests was used, *p<0.05, **p<0.01, ***p<0.001 



Chapter 6 
 

171 
Khalid Alyodawi 

6.5.  Antagonise myostatin/activin signalling did not affect the myonuclei number in 

Ercc1Δ/- mice. 

We showed that introduction sActRIIB to Ercc1Δ/- had not changed the satellite cells 

number; however, it enhances both proliferation and differentiation in stem cell from 

fibres of EDL muscle. We examined features of individual myofibres to determine the effect 

of sActRIIB treatment on the number of myonuclei in the fibres from the EDL muscle from 

control, PBS- and sActRIIB-treated Ercc1Δ/- mutants. A study by Kadi et al. reports that the 

myonuclei number was lower in old age compared to young in both male and female (Kadi 

et al., 2004). Another study shows that the myonuclei number did not change in the 

absence of myostatin, although the fibre size was increased (Qaisar et al., 2012). We found 

that antagonising of myostatin/activin signalling by sActRIIB did not increase myonuclei in 

Ercc1Δ/- that was already significantly lower than the number in control mice (Figure 6.4.A-

B).  

Overall, we show that the sActRIIB treatment enhances both ECM component and satellite 

cells proliferation and differentiation, however, did not affect the myonuclei number in 

Ercc1Δ/- progeric mice. 
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Figure 6.4. Antagonise myostatin/activin signaling did not affect the myonuclie number in 

Ercc1Δ/- mice. 

(A) EDL myonuclei count. (B) Representative single fibres with myonuclie stained with DAPI for 

control, Ercc1Δ/- and Ercc1Δ/- sActRIIB treated mice. Fibres collected from 3 mice from each cohort 

and minimum of 25 fibres examined. The sActRIIB were IP injected starting from week 7 of age to 

week 15. All mice were at the same age, one-way ANOVA followed by Bonferroni’s multiple 

comparison tests was used. *p<0.05. 
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6.6. Discussion 

Loss of muscle mass and function with ageing, sarcopenia (Rosenberg, 1997), is 

accompanied by a change in ECM.  Indeed, the degeneration/regeneration proses in 

skeletal muscle of both dystrophic and aged mice results in alter the ECM composition and 

architecture (Kragstrup et al., 2011, Marshall et al., 1989). Furthermore, age-related 

reduction in force generation ability of skeletal muscle was linked to increasing myofibres 

stiffness via changes in ECM proteins properties (Haus et al., 1985, Kragstrup et al., 2011, 

Wood et al., 1985). ECM changes have a direct effect on resident stem cell as the ECM is 

considered as a niche for satellite cells (Thomas et al., 2015). Consequently, the reduction 

in satellite cell activity affects the muscle fibre ability to regenerate after injury and 

damage.  

The key finding of this part was the antagonise myostatin/activin signalling have both ECM 

and satellite cell benefits. However, we show that treatment with sActRIIB did not affect 

the myonuclei number. We show enhancement in the deposition of dystrophin in treated 

mice and upregulate RNA expression of both dystrophin and collagen IV. Satellite cell 

proliferation and self-renewal activity were also enhancing in Ercc1Δ/- treated mice.  

Changes in ECM accompany ageing and associated with reducing strength and mechanical 

properties in skeletal muscle (Kragstrup et al., 2011). A study on ECM in ageing has reported 

changes in its deposition. Specifically, the concentration of collagen IV was increase with 

age (Kovanen et al., 1988). Another study reports the age-related reduction in overall gene 

expression of ECM protein compartments (Pattison et al., 2003). It could be concluded that 

the thickness of some ECM, i.e. Collagen IV, in ageing is maybe due to the accumulation of 

this protein over time and reduce the degradation process rather than increase expression. 

Maintaining a standard ECM component is dependent on the activity of matrix 

metalloprotease that degrades ECM proteins (Chen and Li, 2009). Indeed the expression of 

MMP was reported to decrease in samples taken from the elderly compared to young 

(Wessner et al., 2019).  As evidence, Mdx mice, a model of Duchenne muscular dystrophy 

have a defect in ECM component, were enhanced in term dystrophic characteristic and 

muscle growth after myostatin antagonise (Matsakas et al., 2009, Bogdanovich et al., 

2005). We show an increase in the expression by about 3.5-fold in collagen IV expression 

in Ercc1Δ/- treated with sActRIIB. We suggest this increase was a compensatory mechanism 

because we show there was an increase in fibres damage from the progeric group and 
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normalise after sActRIIB treatment (see Figure 5.7. A-B). We then investigated a member 

of Dystrophin-glycoprotein complex (DGC), dystrophin, a critical intercellular component 

that links the cytoskeleton to the ECM (Hoffman et al., 1987, Ervasti and Campbell, 1993). 

A previous study showed that despite the two-fold increase in mRNA expression of 

dystrophin, there was a loss of protein with ageing (Hughes et al., 2017). We have seen the 

similar trend of protein intensity in our progeric mice compared to controls and the 

sActRIIB treated to increase the intensity in Ercc1Δ/- mice. The RNA expression was less in 

Ercc1Δ/- and increase even more the controls after sActRIIB treatment. 

Satellite cells mediate skeletal muscle repair and regeneration and are located in ECM 

under the basal lamina (Mauro, 1961, Zammit et al., 2006). As a resident cell in ECM of 

myofibres, satellite cells would be affected by the changes in this compartment of skeletal 

muscle fibres. Indeed, satellite cell could be affected by general ageing prosses and by the 

effect of a change in ECM composition. Satellite cell number has been reported to decrease 

in number with age (Gibson and Schultz, 1983); however, it does not reflect on its ability to 

proliferation (Adams, 2006, Schafer et al., 2006). A study by Sadeh shows the effect of age 

on regeneration ability of satellite cell, where after injection of TA muscle with a myotoxic 

agent, 3-month-old mice muscle regained their healthy structure but not the two years old 

mice (Sadeh, 1988). We show a lower number of a satellite cell in Ercc1Δ/- compared to 

controls. Indeed, the change in satellite cells niche, i.e. ECM, reflect negatively on satellite 

cell ability to regeneration and repair rather than the number of cells (Hikida, 2011). We 

show that enhancement in ECM after sActRIIB injection reflects positively on satellite cell 

ability to proliferate, differentiate and self-renewing. It could be concluded there is a direct 

effect for injection of sActRIIB since some studies show that the myostatin regulates the 

activity of satellite cell by upregulation of molecules involve in quiescence status of satellite 

cells (Thomas et al., 2000, Joulia et al., 2003). 

Skeletal muscle fibres are a multinucleated cell and adding new myonuclei achieved by 

recruiting differentiated satellite cell (Pallafacchina et al., 2013). A study by Kadi reports 

the decrease in satellite cells in both men and women in old aged compared to young did 

not affect the myonuclei number on contrary it increased with age (Kadi et al., 2004). 

However, another study suggests an increase in nucleocytoplasmic ratio due to reducing 

muscle fibres not to increase myonuclei number, as the myonuclei number did not changes 

(Manta et al., 1987). Indeed, the aged muscle fibres reach maximum size at a young age by 
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recruiting new myonuclei over time and then reduced in size with ageing but keep the most 

of myonuclei. What we show here is different, myonuclei number was not changed after 

sActRIIB even with enhanced the ability of satellite cell to proliferate an differentiate. The 

injection of sActRIIB was before the onset of ageing signs in Ercc1Δ/- mice, so it has a 

protective rather than damage reverse effects. sActRIIB maintains the healthy status of 

fibres with less injury, and that could be interpreted as to why we did not see any increase 

in myonuclei in Ercc1Δ/- mice after treatment. 
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Chapter 7 Results 

The effect of antagonising myostatin/activin 

signalling on Ercc1+/+ mice 
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7.1. Introduction   

Myostatin is a member of transforming growth factor-β (TGF-β) family and consider a 

negative regulator of skeletal muscle growth (McPherron et al., 1997). Naturally occur 

deletion of myostatin gene lead to double muscling phenotype in a cattle species such as 

Belgium blue and Piedmontese cattle breeds (Kambadur et al., 1997). The same 

hypertrophic phenotype was reported in a child with natural deletion of myostatin gen with 

a remarkable increase in muscle strength (Schuelke et al., 2004). However, experimentally 

deletion of the myostatin gene in a wild type background mouse lead to increase muscle 

mass but impair muscle force generation (Amthor et al., 2007). Inactivation of myostatin in 

an animal model with skeletal muscle dystrophy exabit positive effect on disease 

progression. For example, blocking myostatin signalling by IP injection of anti-myostatin 

antibody was able to increase muscle mass and strength and reduce muscle degeneration 

in the mdx mouse model of Duchenne muscular dystrophy (DMD) (Bogdanovich et al., 

2002). 

The evidence from naturally occurs, and experimentally deletion has been suggested 

myostatin antagonist as a pharmacological approach in muscular dystrophy. Indeed, there 

were many trial versions of myostatin intervention and number of it still in on-going 

development. The first trial of antagonising myostatin was in 2004 by Wyeth company, 

MYO-029, a myostatin antibody for the muscular dystrophies in subjects with Becker 

muscular dystrophy, facioscapulohumeral muscular dystrophy, or Limb-girdle muscular 

dystrophy. This trail has been discontinued development because it failed to increase 

muscle strength in these subjects. The first pharmaceutical product of a soluble form of 

ActRIIB was in 2010 by Acceleron under the name of ACE-031. It was developed for 

muscular dystrophy subjects but stop developed due to safety issue related to nose and 

gum bleeding. The same company then develop another version of ligand trap, ACE-083, 

did not bind BMP9/10 and with no bleeding issue, however still in on-going development  

(Saitoh et al., 2017b).  

Considering previous study and trial version of myostatin antagonism, we use the sActRIIB 

to rescue muscle mass loss in progeric mice. In previous chapters, we show that the IP 

injection of sActRIIB for eight weeks was able to increase muscle mass and enhance muscle 

and organism activity in Ercc1∆/- mice compared to non-traded mice. Here we use sActRIIB 
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in Ercc1+/+ group to investigate its effect on the healthy subject and whether it shows the 

similar phenotype that was previously described. However, the control group used in this 

study was inbred from a mixed background. The inbred animals provide lower genetic 

variability and remarkable homogeneous models compared to outbred, highly variable, 

populations (Casellas, 2011). Both the control and disease model in this study was a sibling 

and had FVB/C57Bl6 F1 hybrid genetic background. A previous study shows that the 

uniform background of these inbred mice, Ercc1+/+, was normal (Dollé et al., 2011). 

Here we investigated, to our knowledge for the first time the effect of antagonising of 

myostatin/activin signalling by injection sActRIIB in Ercc1+/+ mice. Two cohorts of male mice 

(Ercc1+/+ mock and sActRIIB treated mice) used in this part of the study were bred, housed 

under standard environmental conditions and provided food and water ad libitum in the 

Biological Resource Unit, University of Reading. The procedures and technique used in this 

chapter were explained in detail in the methods chapter. 

The main finding of this section was that antagonising of myostatin/activin signalling in 

Ercc1+/+ mice significantly increase the body and muscle mass. Muscle mass was achieved 

by increase fibres size rather than fibre number. Increase in skeletal muscle mass was not 

associated with an increase in satellite cells number and activity. sActRIIB was able to 

change the skeletal muscle fibres profile as we showed there was a shifting in MHCs from 

slow to fast and metabolic status toward glycolytic phenotype. The changes in mass and 

profile affected the force generation in Ercc1+/+ treated mice; it was reduced in treated 

mice compared to non-treated mice. However, the assessment of grip strength and motor 

coordination reveal no change in this parameter related to sActRIIB treatment.    
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7.2. The effect of antagonises myostatin/activin signalling on body weight and skeletal 

muscle mass in an Ercc1+/+ mice. 

The effect of injection sActRIIB on body weight in the control group was recorded through 

the eight weeks of the experiment. Male Ercc1+/+ mice were IP-injected twice a week with 

sActRIIB from 7-weeks of age till week 16. As shown previously by Relizani et al. that 

sActRIIB was able to increase body weight in wild type mice significantly in less than 4 

weeks (Relizani et al., 2014), we show here a progressive increase in body weight in sActRIIB 

treated mice and the difference compared to mock treated mice was started as early as 

two weeks after injection (Figure 7.1. A). At the end of the experiment, there was a 

significant increase in body weight in treated mice (Figure 7.1. B). 
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Figure 7.1. sActRIIB treatment increase body weight in Ercc1+/+ group. 

(A) Relative changes in body mass over time. (B) Body weight in control and sActRIIB treated 

group at 16 weeks old. The sActRIIB were IP injected starting from week 7 of age to week 16. All 

mice were at the same age, n= 6 male mice Ercc1+/+ and n=4 Ercc1+/+ sActRIIB. Student’s t-test, 

**p<0.01. 
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Hindlimb muscles weight was taken directly after dissection. Five muscle group were 

weighed (including EDL, TA, Gastrocnemius, Soleus, and Plantaris). The number of studies 

has shown that a lack of myostatin results in a general increase in skeletal muscle mass 

(Amthor et al., 2007, McPherron and Lee, 1997). We showed here that muscle from 

sActRIIB injected mice was heavier than non-treated mice. The increase was 28%, 38.4%, 

40%, 34.4%, 48.4% in muscle from sActRIIB treated mice compared to non-treated in EDL, 

TA, Gastrocnemius, Soleus, and Plantaris respectively (Figure 7.2. A-E). Muscle weight was 

normalised to tibia length to consider the variance in growth and body mass. Even after 

normalisation, the muscle from sActRIIB treated mice still heavier than non-treated mice, 

albeit some of the muscle weight lost the statistical significance (Figure 7.3. A-E).   
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Figure 7.2.  Ercc1+/+ sActRIIB treated hind limb skeletal muscles show increase in weight 

compared to control group. 

Muscle weight of 16-week old male non-treated and treated Ercc1+/+ mice. (A) EDL, (B) TA, (C) 

Gastrocnemius, (D) Soleus and (E) Plantaris. The sActRIIB were IP injected starting from week 7 

of age to week 16. All mice were at the same age, n= 6 male mice Ercc1+/+ and n=4 Ercc1+/+ 

sActRIIB. Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 7.3. Hind limb skeletal muscle weight of Ercc1+/+ mice non-treated and treated normalise 

to tibia length. 

Normalized muscle weight to tibia length of 16-week old male Ercc1+/+ non-treated and treated 

with sActRIIB mice. (A) EDL, (B) TA, (C) Gastrocnemius, (D) Soleus and (E) Plantaris. The sActRIIB 

were IP injected starting from week 7 of age to week 16. All mice were at the same age, n= 6 

male mice Ercc1+/+ and n=4 Ercc1+/+ sActRIIB. Student’s t-test, *p<0.05, **p<0.01. 
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7.3. The effect of sActRIIB injection on the fibres size and fibres number in an Ercc1+/+ 

mice. 

We demonstrated that antagonising myostatin/activin signalling induced muscle growth in 

Ercc1+/+ mice. The increase in muscle size has been reported; it is due mainly to individual 

muscle fibre hypertrophy (Amthor et al., 2007). However, other studies showed that the 

increase in muscle mass in myostatin null mice was due to both increases in the fibre size 

and number (Matsakas et al., 2009, McPherron et al., 2009). Here we investigate whether 

the increase in muscle mass in Ercc1+/+ after sActRIIB treatment was due to hyperplasia or 

hypertrophy or both. We found that the number of fibre was increased by 19.5% and 20% 

in sActRIIB treated EDL and Soleus muscle, respectively, albeit not reach a statistically 

significant (Figure 7.4. A-B).  

Then we investigate the other parameter to gauge the muscle growth, the size of the fibre. 

We found that the cross-sectional area was increased in sActRIIB treated mice 

independently of MHCs from hind limb muscle, EDL, Soleus and TA. All muscle fibres type, 

MHCI, IIa, IIx and IIb, was larger in sActRIIB treated mice in all examined muscle, except the 

MHCIIx fibres in EDL was not changed (Figure 7.5. A-D).  
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Figure 7.4. sActRIIB injection has no significant effect on fibres number in Ercc1+/+ group. 

Muscle fibres count in (A) EDL and (B) soleus. (C) Representative images of EDL muscle 

immunostained against MHC proteins, IIa (green) and IIb (red) from control and sActRIIB treated 

mice. Whole muscle sections were counted for EDL and soleus muscles in both cohorts. All animals 

were 16 weeks old at the time of dissection from both cohorts. The sActRIIB were IP injected 

starting from week 7 of age to week 16. n= 6 male mice Ercc1+/+ and n=4 Ercc1+/+ sActRIIB. Student’s 

t-test. 
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Figure 7.5. myofibres of hind limb muscle from Ercc1+/+ treated with sActRIIB mice show larger 

CSA than their counterpart myofibres from non-treated mice. 

Skeletal muscle fibre CSA of type I, IIa, IIx and IIb in (A) EDL, (B) soleus and the (C) deep and (D) 

superficial regions of the TA in relation of MHCs isoform expression. (E) Representative images 

of EDL muscle immunostained against MHC proteins, IIa (green) and IIb (red) from control and 

sActRIIB treated mice. Whole muscle sections were counted for EDL and soleus muscles, and 

100 fibres were analysed for TA in superficial and deep regions in both cohorts. All animals were 

16 weeks old at the time of dissection from both cohorts. The sActRIIB were IP injected starting 

from week 7 of age to week 16. n= 6 male mice Ercc1+/+ and n=4 Ercc1+/+ sActRIIB. Student’s t-

test, *p<0.05, **p<0.01, ***p<0.001. 
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7.4. Skeletal muscle fibres metabolic status and MHC profile in Ercc1+/+mice after 

antagonising myostatin/activin signalling. 

We showed that sActRIIB treatment is efficacious to increase muscle mass in Ercc1+/+ mice. 

We speculate that it is necessary to identify whether antagonise myostatin/activin would 

impact muscle fibres profiling. It well established the ability of skeletal muscle fibre to 

undergo conversion between different fibre types in response to intrinsic and extrinsic 

factors. The conversion from the slow (type I and IIA) into fast (type IIX and IIB) phenotypes 

were reported in mice with myostatin deletion genotype (Girgenrath et al., 2005). Lack of 

myostatin not only affects the MHC profile but also induce shifting toward glycolytic profile. 

Amthor et al. have shown decrease the number of succinate dehydrogenase (SDH) positive 

fibres in mice lacking myostatin, as an indicator of glycolytic status (Amthor et al., 2007). 

We use an antibody against MHC type I, IIa, IIb to investigate the fibres profile and SDH 

stain for oxidative status in the muscles from Ercc1+/+ sActRIIB treated mice. We showed 

there was an increase in the proportion of fibres express MHCIIb and reduction in fibres 

express MHCIIa in EDL muscle from Ercc1+/+ mice compared to mock treated mice and there 

was no change in MHCIIx express fibres (Figure 7.6. A). The Soleus muscle from sActRIIB 

treated Ercc1+/+ mice have a higher proportion of fast fibres MHCIIx compared to the mock-

treated group, and less slow fibres MHCI, albeit not reach a significant difference. MHCIIa 

express fibres show no change between the two groups (Figure 7.6. B). Then we performed 

staining for the mitochondrion-associate enzyme succinate dehydrogenase (SDH) to 

investigate whether injection of sActRIIB for eight weeks able to change oxidative status in 

Ercc1+/+ mice.  We found a decrease in positively dark stained (high SDH activity) and an 

increase of the proportion of pale stained fibres (low SDH activity) in EDL muscle from 

sActRIIB treated Ercc1+/+ mice compared to mock treated mice. 

Overall, we agree with what shown before in mice lacking myostatin in term of fibres 

shifting toward fast profile and being more glycolytic.  
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Figure 7.6. Myosin Heavy chain profiling of hind limb muscle affects by sActRIIB injection Ercc1+/+ 

mice. 

MHC isoform (type I, IIa, IIx and IIb) profile in (A) EDL and (B) Soleus from control and control 

treated mice. (C) Representative images of EDL muscle immunostained against MHC proteins, IIa 

(green) and IIb (red) from control and sActRIIB treated mice. Whole muscle sections were counted 

for EDL and soleus muscles in both cohorts. All animals were 16 weeks old at the time of dissection 

from both cohorts. The sActRIIB were IP injected starting from week 7 of age to week 16. n= 6 male 

mice Ercc1+/+ and n=4 Ercc1+/+ sActRIIB. Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 7.7. Myofibres from sActRIIB treated Ercc1+/+ hind limb skeletal muscle was less oxidative 

than the non-treated group. 

(A)Oxidative fibre number enumeration through histological SDH activity staining of the EDL 

muscle. (B) Representative images of succinate dehydrogenase activity in EDL muscle, dark stained 

fibres consider as oxidative and pale one as a non-oxidative. Whole muscle sections were counted 

for EDL muscles in both cohorts. All animals were 16 weeks old at the time of dissection from both 

cohorts. The sActRIIB were IP injected starting from week 7 of age to week 16. n= 6 male mice 

Ercc1+/+ and n=4 Ercc1+/+ sActRIIB. Student’s t-test, ***p<0.001. 
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7.5. The effect of antagonises myostatin/activin on organismal activity and skeletal 

muscle strength in Ercc1+/+ mice. 

We demonstrated the efficiency of sActRIIB injection to increase skeletal muscle mass in 

Ercc1+/+ mice. The increase in muscle mass was accompanied by a shift in MHC profile 

toward fast profile and concomitant glycolytic status. Here we examined the effect of 

sActRIIB treatment on Ercc1+/+ mice organismal activity and skeletal muscle strength. 

Previous work has shown that myostatin deletion result in reduce muscle function 

(Matsakas et al., 2012). However, other study demonstrated no significant difference of 

forelimb gripping strength in Myostatin null mice compared to WT mice (Guo et al., 2016). 

In term of force generation, antagonise myostatin in the disease condition, mdx mice, lead 

to increase of muscle-specific force output (Wagner et al., 2002); however, myostatin 

deletion in WT background decreased muscle force generation (Amthor et al., 2007).  

Behavioural and locomotor activity of mice from sActRIIB treated and non-treated Ercc1+/+ 

mice were measured using an open field activity monitoring system. The total activity of 

animal was measured, and the Ercc1+/+ treated mice were about 50% less than non-treated 

mice (Figure 7.8.A). sActRIIB treatment reduce muscle activity in Ercc1+/+ mice (distance 

travel per hour 5.6m in untreated mice versus 3.4m in treated) (Figure 7.8.B). Total rearing 

counts and rearing time, measures of locomotor activity, exploration and anxiety, were less 

in treated mice, albeit not reach statistical difference (Figure 7.8.C-D).  

To support the results from an open field system, we perform a rotarod test and measure 

the hind limb grip strength. Rotarod machine was used for motor activity and fatigue 

characterisation. Motor coordination, measured using the Rotarod, showed that sActRIIB 

did not affect this parameter in Ercc1+/+ mice (Figure 7.9.A). In vivo assessment of forelimb 

muscle maximum force also was not affected by sActRIIB treatment in Ercc1+/+ mice (Figure 

7.9.B). 

To endorse the data above, we investigated the ex vivo muscle tension measurement of 

one of hindlimb muscle, EDL, where both force generation and half relaxation time were 

measured. We found that the specific force was reduced in Ercc1+/+ treated mice compared 

to non-treated (Figure 7.10.A). Furthermore, a reduction in half relaxation speed was 

resulted from treated Ercc1Δ/- with sActRIIB (Figure 7.10.B).  
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This set of data show the effect of antagonising of myostatin/activin signalling in Ercc1+/+ 

mice. Overall the injection of sActRIIB decreased mice activity and reduce force generation; 

however, some parameters such as rotarod and grip strength were not affected.   
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Figure 7.8. The effect of sActRIIB treatment on organismal activity in Ercc1+/+ mice. 

Organismal activity measurements, (A) total activity, (B) distance travelled (C) total rearing 

counts and (D) rearing time, through activity cages at the end of week. The sActRIIB were IP 

injected starting from week 7 of age to week 16. All mice were at the same age, 14. n= 6 

male mice Ercc1+/+ and n=4 Ercc1+/+ sActRIIB. Student’s t-test, **p<0.01. 
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Figure 7.9. Assessment of motor activity and fatigue characterisation using rota rod and 

forelimb muscle strength using grip strength meter in Ercc1+/+ after injection of sActRIIB. 

(B) Rotarod activity. (B) Muscle contraction measurement through assessment of grip strength. 

The sActRIIB were IP injected starting from week 7 of age to week 16. All mice were at the same 

age, n= 6 male mice Ercc1+/+ and n=4 Ercc1+/+ sActRIIB. Student’s t-test. 
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Figure 7.10. Ex-vivo muscle tension measurement Ercc1+/+ after injection of sActRIIB.  

(A) Ex-vivo assessment of EDL specific force. (B) Half relaxation time for the EDL. The sActRIIB 

were IP injected starting from week 7 of age to week 15. All mice were at the same age, n= 6 

male mice Ercc1+/+ and n=4 Ercc1+/+ sActRIIB. Student’s t-test, *p<0.05. 
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7.6. The satellite cell profile and proliferation capacity in the Ercc1+/+ mice treated with 

sActRIIB.  

We show that although increase muscle mass after sActRIIB injection in Ercc1+/+ mice, there 

was a reduction in animal activity and specific force generation. Here we examined the 

consequence of sActRIIB treatment on individual muscle fibres. High numbers of post-

mitotic myonuclei achieve the sustainability of myofibres, and myofibres repair and 

regeneration rely on the pool of satellite cells that located beneath the basal lamina 

(Mauro, 1961, Zammit and Beauchamp, 2001). A study by Amthor was reported the 

increase muscle mass in lack of myostatin mice was independent of satellite cell since the 

number of satellite cell was reduced in myostatin null mice (Amthor et al., 2009).  We 

showed that the number of satellite cells in freshly isolated fibres of EDL muscle from 

Ercc1+/+ mice was not changed after sActRIIB treatment (Figure 7.11.A). We investigated 

activation and proliferation of satellite cell at a different time point, T24, T48 and T72 and 

revealed no change in the treated group compared to non-treated (Figure 7.11.B-D). The 

ability of satellite cell to differentiate and self-renewing was detected by using quiescence 

marker (Pax7) for stem cell pool and Myogenin for differentiated cells. There was no effect 

of sActRIIB injection on these parameters (Figure 7.11.E). Overall, the number and activity 

of the satellite cell in Ercc1+/+ mice were not affected by eight weeks of sActRIIB injection. 
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Figure 7.11. Examination of satellite cell number and status in Ercc1+/+ treated and non-treated 

with sActRIIB group in fresh and cultured fibres. 

Satellite cell and progeny enumeration on (A) fresh and (B-D) cultured EDL fibres over for 

72hours. (E) Quantification of proportion of stem cells (Pax7+/Myogenin-) and differentiated 

cells (Pax7-/Myogenin+) on EDL fibres after 72h culture. (F) Representative images of single 

fibres stain against Pax7 (green), Myogenin (red) and DAPI (blue). The total of 20 fibres were 

analysed for both cohort from EDL muscle. The sActRIIB were IP injected starting from week 7 

of age to week 16. All mice were at the same age, n= 6 male mice Ercc1+/+ and n=4 Ercc1+/+ 

sActRIIB. Student’s t-test. 

0

5

10

15

Control sActRIIB

C
el

l/
fi

b
re

T48

0

5

10

15

20

Control sActRIIB

C
el

l/
fi

b
re

T72

0%

20%

40%

60%

80%

100%

Control sActRIIB

T72

Pax7

MyoG

3

4

5

Control sActRIIB

ce
ll/

fi
b

re

T0

3

4

5

Control sActRIIB

C
el

l/
fi

b
re

T24A

C D

E

B

F

Pax7/Myogenin/DAPI

Control sActRIIB

20X



Chapter 7 
 

197 
Khalid Alyodawi 

7.6. Discussion  

We performed this experiment to investigate whether the control group (Ercc1+/+ mice) 

used in our study show the similar effects of antagonising myostatin signalling in WT mice. 

Furthermore, the use of inbred mice reduces the genetic variability of outbred WT mice 

(Casellas, 2011).   

Myostatin antagonism has been used for a long time in various conditions and animals 

yielding increase in muscle mass (Amthor et al., 2007, Puolakkainen et al., 2017, St Andre 

et al., 2017, Mosher et al., 2007, Saunders et al., 2006, Fiems, 2012). In the agreement, we 

showed an increase in skeletal muscle mass in Ercc1+/+ mice after sActRIIB injection. This 

increase in muscle mass resulted from hypertrophy, an increase in myofibres size, but not 

fibres number. Prenatal deletion of Myostatin increase muscle mass by both hypertrophy 

and hyperplasia (McPherron et al., 1997, Mendias et al., 1985). However, postnatal 

blocking of myostatin using sActRIIB, resulting in increasing muscle mass resulting from 

hypertrophy but not hyperplasia (Omairi et al., 2016). The difference in the mode of 

increasing muscle mass in postnatal and prenatal could be due to the number of the fibre 

is defined during muscle formation (Sandri, 2008). We and other (Relizani et al., 2014) 

showed an increase in body weight after sActRIIB injection. This increase could be due to 

an increase in muscle mass since the skeletal mass represents about ~40% of animal body 

mass (Frontera and Ochala, 2015). 

Myostatin deletion in mouse model resulting in fibres type shifting toward fast profile. A 

study by Girgenrath reports conversion from the slow (type I and IIA) into fast (type IIX and 

IIB) phenotypes in myostatin knock out mice (Girgenrath et al., 2005). However, post-natal 

antagonise of the myostatin/activin signalling did not affect fibres type distribution in WT 

and disease mice (Cadena et al., 1985, Morine et al., 2010). The prenatal effect of myostatin 

blocking on muscle fibres phenotype was due to the particular role of myostatin in fusion 

myoblast that differentiates to slow fibres  (Girgenrath et al., 2005, Stockdale, 1997). 

However, a study show injection of sActRIIB lead to a reduction in transcription of slow 

MHCs in Plantaris but not Soleus, yet protein level of MHCs did not change after 28-day 

treatment (Cadena et al., 1985). We were injected sActRIIB for eight weeks and show some 

fibres type shifting and was more evident in EDL rather than Soleus. A study showed nuclei 

that express MHCII was widely express myostatin and with minor extend myonuclei express 

MHCI (Artaza et al., 2002). It could be concluded that block myostatin signalling by injection 
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sActRIIB in Ercc1+/+ mice increased nuclei number that expresses MHCII as a compensatory 

mechanism for reducing myostatin signalling. MHCs profile shift was accompanied by 

reducing oxidative statutes in mice lacking myostatin and that what we showed after 

injection of sActRIIB. A study shows the central role of myostatin in regulating oxidative 

energy metabolism since its absence leads to muscle fibres switch toward a glycolytic 

phenotype (Mouisel et al., 2014). A further study showed that use of sActRIIB as antagonise 

for myostatin signalling resulting in a reduction in the level of molecules that involved in 

the regulation of skeletal muscle mitochondrial functions and oxidative phosphorylation 

(Rahimov et al., 2011).  

The remarkable increase in skeletal muscle mass through attenuation myostatin signalling 

was shown to be accompanied by a reduction in skeletal muscle force generation (Amthor 

et al., 2007). However, in disease mice, mdx mice, the antagonising of myostatin lead to 

increase of muscle-specific force output (Wagner et al., 2002, Bogdanovich et al., 2002). 

The reduction in specific force generation and animal activity in Ercc1+/+ mice after sActRIIB 

injection could be due to lack of mitochondrial support since the muscle increases in size 

but reduce in oxidative capacity. Omairi et al. found that there was an enhancement in 

exercise capacity of animal lack of myostatin after upregulation an Errγ, a molecule known 

of its ability to regulate oxidative metabolism (Omairi et al., 2016). There was also evidence 

of high mitochondrial content of oxidative fibres (Annex et al., 1998, Cherwek et al., 2000) 

compared to lower content in glycolytic fibres (Annex et al., 1998, Narkar et al., 2011). The 

glycolytic profile that we showed after treatment could explain the force generation 

reduction and reduce animal activity since the glycolytic fibres have low mitochondrial 

contents, i.e. decrease ATP generation in these fibres.  

Increase in skeletal mass achieved by increase fibre number, hyperplasia, or/and increase 

myofibres size, hypertrophy (Stickland, 1981). Injection of sActRIIB in Ercc1+/+ lead to 

increase muscle mass by hypertrophy rather than hyperplasia. Hypertrophy results from 

recruiting differentiated satellite cells and balance between protein synthesis and 

degradation (Schiaffino et al., 2013). Since the injection of sActRIIB did not affect satellite 

cell number and activity in Ercc1+/+ mice, it could be concluded that the increase in muscle 

fibre size resulted from remodelling protein synthesis system.  
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General discussion  

The main aim of this project was to investigate the potential therapeutic effects of 

antagonising of myostatin/activin signalling by using sActRIIB on the progression of 

sarcopenia in progeric Ercc1Δ/- mice. The ageing signs in this mouse model were due to the 

accumulation of DNA damage because of attenuation of ERCC1 protein that has a central 

role in DNA damage repair. One of the widely accepted theories of ageing is that DNA 

damage induces a stress response that shifts cellular resources from growth towards 

maintenance. By antagonising a negative regulator of muscle growth, we challenge the 

notion that tissue growth is conflicted with maintaining tissue function. A range of 

experiments was conducted to address the following: (A) skeletal muscle in the Ercc1Δ/- 

progeric mouse was profiled by examining a broad range of parameters to provide a basis 

for subsequence experimentation. (B) Investigating the effect of injection of sActRIIB on 

body weight and organismal activity and strength in Ercc1Δ/- mice. (C) The therapeutic 

potential of sActRIIB in quantitative and qualitative improvement in Ercc1Δ/- mice. (D) The 

efficacy of sActRIIB in the normalisation of Ercc1Δ/- extracellular components and 

differentiation and self-renewal of its satellite cells. (E) The effect of antagonising 

myostatin/activin signalling on internal control (Ercc1+/+) mice.  

The main findings in this project are, first that the progeric Ercc1Δ/- mice not only mimicking 

many features and signs of naturally aged sarcopenic muscle but in some aspect were more 

severe. Second, the sActRIIB ameliorate many sarcopenic features despite the persistence 

of DNA damage. Third, the antagonise of myostatin/activin signalling in addition to enhance 

skeletal muscle in Ercc1Δ/- mice, they reveal many organismal improvements; mice 

increased locomotor activity; increased specific force and delayed parameters of 

neurodegeneration. Finally, the effect of introducing the sActRIIB treatment on control 

(Ercc1+/+) mice agreed with previous work in term of increasing muscle mass and decrease 

force generation.  

Ercc1Δ/- muscle parallels with natural muscle ageing and pathological muscle diseases. 

Here we value of Ercc1Δ/- mice as a model to study ageing particularly age-related loss of 

skeletal muscle, sarcopenia. Considering previous work, the Ercc1Δ/- progeroid model not 

only showed the apparent severity in muscle loss, but also this muscle illustrated many 

unexpected compositional alterations. At the quantitative level, all muscle groups from 
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Ercc1Δ/- mice were much lighter than control mice, which concords with findings in aged 

humans and mouse models. A study report 40% reduction in human muscle area in ages of 

the 70s compared to ages of 20s (Rogers and Evans, 1993). Other study reports a decrease 

in hindlimb muscle mass in mice significantly between 18 and 24 months of age and 15% 

further decline between 24 and 29 months (Hamrick et al., 2006). 

Besides, our results revealed many qualitative differences between progeroid muscle and 

muscle of aged wild-type mice. The reduction in muscle mass in naturally aged rat was 

mainly by a decrease in fibres cross-sectional area of fibres express MHCIIB (Larsson et al., 

1993) while the reduction of myofibres size in Ercc1Δ/- mice were involved all fibres types. 

In contrary to naturally aged human and rodent skeletal muscle profile that undergo fast 

to slow shifting (Holloszy et al., 1991), the Ercc1Δ/- mice skeletal muscle fibres shifted from 

slow to fast profile. Aged skeletal muscle undergoes fast to slow shifting were also shifted 

from glycolytic to oxidative metabolism (Ohlendieck, 2011), and we also showed that the 

progeric mice undergo oxidative to glycolytic metabolism shifting. In both human and 

rodent, the decrease in muscle mass results from both reduction in muscle fibres size in a 

decrease in total fibre numbers (Lexell et al., 1988, Carlson et al., 2001). The unexpected 

increase was discovered in the number of fibres in both EDL and soleus muscles, which 

seemingly contradicts the finding of overall loss in muscle mass in Ercc1Δ/- mice. The finding 

that could explain why hyperplasia in Ercc1Δ/- mice did not increase muscle mass is that 

there was an increase in the proportion of fibres with the small cross-sectional area (Figure 

8.1). However, numbers of myopathological conditions, such as Duchenne muscular 

dystrophy, have shown an increase in fibres number even with atrophic phenotype. (Faber 

et al., 2014). It seems that the increase in fibres number was not due to a mechanism that 

enhancing muscle growth but was due to fibres damage. We found there was an increase 

in the proportion of damaged fibres in Ercc1Δ/- mice especially split fibres. The muscle fibres 

apoptosis and necrosis have been reported as some of the causes of sarcopenia (Yoo et al., 

2018). Indeed, the fibres dying were far more prominent in Ercc1Δ/- progeric muscle than 

found in aged wild-type mice (Cheema et al., 2015). The evidence of increased caspase 

activity and reduction in deposition of dystrophin and collagen IV, making the muscle more 

prone to developed contraction-induce damage could result in the cellular lesion (splitting) 

and end with fibres death.  
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Figure 8.1. Distribution of fibres according to size shows increase number of small size fibres 

in Ercc1Δ/-mice compared to control. 

Number of fibres distributed depend on size intervals from Soleus muscle in both Ercc1Δ/-and 

control mice. n= 6 each cohorts. 
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Further analysis of Ercc1Δ/- muscle shows that the fibres have a subcellular aberration even 

they look healthy and did not show any abnormalities such as tearing or central nucleation. 

These fibres have both abnormalities in the organisation of the contractile apparatus and 

the cellular organelles as revealed by ultrastructural examination. Age-related decline in 

myofibres mitochondrial density (Li et al., 2016) was also shown here within fibres and 

subsarcolemmal regions were it support contraction and membrane-related activities, 

respectively (Powers et al., 2012). In addition to this mitochondrial quantitative alteration, 

there was a qualitative change in Ercc1Δ/- mice. We concluded these alterations were due 

to either functional deficit or altered fusion (Frank et al., 2001, Terman and Brunk, 2004b) 

and interpreted as mitochondrial swelling in both within myofibres and subsarcolemmal 

regions. Mitochondrial abnormalities, due to a mutation in Ercc1 actively contributed to 

impaired contractile apparatus and provoked fibres death (Powers et al., 2012). We suggest 

that the increased level of ROS, gauged by DHE activity (Diaz et al., 2003), resulted from 

compromised mitochondrial function and ultimately affect fibres performance and 

viability.  

Modulation of Ercc1 gene leads to produce a truncated protein with attenuated excision 

repair cross-complementation 1 activity, a key component of several DNA repair pathways, 

including nucleotide excision repair (Sijbers et al., 1996). Attenuation in Ercc1 protein 

activity results in progeric phenotype due to the accumulation of DNA damage. DNA repair 

is required for genome integrity and viability of cell (Volkert and Landini, 2001). Persistence 

of DNA damage leads to the production of an aberrant RNA (Adam and Polo, 2014) and if 

translated yield a harmful truncated protein (Shyu et al., 2008). These harmful products 

need to be eliminated by the cell and compensatory produce replacements for them. This 

could explain the interesting profile shown in Ercc1Δ/- mice in term of anabolic and catabolic 

vital proteins. The Ercc1Δ/- muscle showed elevates levels of protein synthesis and 

degradation mechanisms at the same time, and this landscape differs from normal 

catabolic condition (Sandri, 2008). It showed elevated levels of Akt activity, one of two 

downstream genes (S6) and the overall rate of protein synthesis. 

On the other hand, the muscle of Ercc1Δ/- mice expressed high levels of MuRF1 and Atrogin-

1 and contained increased levels of ubiquitinated proteins. Although unusual in the context 

of normal physiology, these results agree with other studies of progeroid models that 

demonstrate the activation of pathways to limit the effect of the primary lesion (Gregg et 
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al., 2012). We suggest that in the context of Ercc1Δ/- muscle, the activation of the protein 

synthesis pathway acts to decrease an extremely high rate of muscle wasting. Nevertheless, 

the ultimate deregulation of protein synthesis, proteasome and autophagy pathways in 

Ercc1Δ/- muscle, which parallels many disease conditions, culminates in atrophy (Sandri, 

2013, Bonaldo and Sandri, 2013). 

Satellite cells (SC) from Ercc1Δ/- mice have shared some but not all features of those from 

aged fibres. SC from aged mice show lower proportion compare to young animals (Shefer 

et al., 2006) and the SC from progeric mice do so. However, the aged SC was more prone 

to activation (Brzeszczynska et al., 2018) whereas the progeric SC display inability to divided 

after single fibres isolation. Both SC from aged and Ercc1Δ/- mice were did not follow the 

usual degree of differentiating (Brzeszczynska et al., 2018). However, comparisons of 

outcomes from different studies are problematic due to the use of different experimental 

systems. 

 

Effects of soluble activin receptor type IIB on Ercc1Δ/- muscle phenotype 

The super-aged phenotype that we showed and related to disruption of Ercc1 were 

characterised by a significant loss of muscle mass and function. Although the thought of 

supporting growth was a conflict with the evidence of shifting cell rescores from growth to 

maintenance, we aim to get a benefit from supporting skeletal muscle growth in Ercc1Δ/- 

progeric mice by injection sActRIIB. We showed that using a sActRIIB to antagonise 

myostatin/activin to have a profound effect on the body and muscle mass and function in 

Ercc1Δ/- mice. This postnatal attenuation of myostatin signalling by using soluble activin 

receptor ligand trap for eight weeks is worthy to compare to absolute absent of myostatin 

by prenatal deletion. The EDL was heavier by 60% in Mstn-/- mice compared to counterpart 

wild type mice (Amthor et al., 2007) and hereafter just eight weeks of treatment; it was 

heaver by 45% in treated mice compared to mock treated. 

Furthermore, the plantaris were increased by 62% in sActRIIB treated compared to control. 

sActRIIB was more efficient even when we compared the muscle that showed lowest 

increased percentage (TA muscle) that have 30% increment, comparing to using of anti-

myostatin antibody used in aged mice and TA shows increase by 6% compared to non-

treated mice (Collins-Hooper et al., 2014). These results suggest that the activity of 
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myostatin and activin in Ercc1Δ/- mice are considerably higher than in aged wild-type mice 

and an increase in muscle mass was due to suppress signalling through ActRIIB rather than 

IGF pathway. Indeed, we found that treatment with sActRIIB did not affect the circulating 

levels of either GH, glucose, insulin, or IGF-1. 

The muscle from Ercc1Δ/- mice that show a reduction in muscle mass was also reduced force 

generation. This is different from what is reported in regular loss of muscle mass, where 

that contractile force preserved when normalised to weight (Nishio et al., 1992). Here, we 

see that Ercc1Δ/- mice generated only 50% of normalised grip strength compared with 

controls. Furthermore, there were an abnormal specific force and relaxation times in the 

muscle of Ercc1Δ/- muscle, both features of structural alterations (Schwaller et al., 1999). 

Indeed, using TEM reveal various subcellular and biochemical abnormalities in Ercc1Δ/- 

muscles. There was clear evidence of sarcomeres and mitochondria abnormalities. Use of 

sActRIIB treatment was able to largely mitigate the ultrastructure abnormalities and 

subsequently improve muscle force generation. Reduction in grip strength was significantly 

improved by sActRIIB treatment. Besides, abnormal specific force and relaxation times in 

the muscle of Ercc1Δ/- muscle, were improved by sActRIIB treatment. The suggested driver 

in this enhancement prosses could be the activation of the autophagic programme 

mediated by members of the FoxO family. Thus, further investigations concluded that 

blunted autophagic activity in Ercc1Δ/- mice were the leading factor to these deleterious 

effects. Accumulation of p62 puncta and presumably abnormal mitochondria as well as 

through hyperactivation of the UPRMT (Haynes and Ron, 2010), elevated levels of genes 

encoding prohibitins that function to restore organelle function (Merkwirth and Langer, 

2009), change in the histone markers profile (down-regulation of H3K9Me3 and 

upregulation of H4K20me3 that their levels showed an opposite trend in Ercc1Δ/- and 

naturally aged mice (Ocampo et al., 2016)) as well as ROS superoxide levels, all resulting 

from abnormal autophagic activity. Consequently, the build-up of ROS causes protein 

oxidation ultimately compromising the workings of the contractile apparatus and leading 

to a deficit in specific force (Andersson et al., 2011). Our interpretation of these finding is 

that sActRIIB treatment of Ercc1Δ/- mice leads to the activation of autophagy (LC3II/I ratio), 

which prevents the accumulation of p62 puncta and also abnormally functioning 

mitochondria, thus counteracting the need to activate either the UPRMT or prohibitin 

programmes, maintains a normal profile of histone modification as well as avoiding the 
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build-up of high levels of ROS, which ultimately translates in the preservation of organ 

reserve capacity. We note that the expression of Mul1, a proposed mitochondrion-specific 

U3 ubiquitin ligase, was not affected by the progeroid condition or following treatment 

with sActRIIB compared with controls. However, it is worth bearing in mind that numerous 

mitochondria targeting U3 ubiquitin ligases have been identified including PARKIN and that 

these non-investigated molecules could be executing mitophagy in our experiments 

(Rojansky et al., 2016). 

However, further investigation is needed to reveal the mechanism that underpins the 

regulation of both protein synthesis and autophagy in Ercc1Δ/- mice following sActRIIB 

treatment. These two processes, in normal conditions, are antagonistically driven in large 

part by FoxO proteins (reviewed in Ronaldo & Sandri (Bonaldo and Sandri, 2013)). However, 

here in Ercc1Δ/- muscle, we suggest an abnormal landscape evidenced by the 

hyperactivation of Akt in Ercc1Δ/- muscle. Indeed, there is a growing body of evidence for 

the dual activation of Akt-mediated pathways and autophagy when the normal conditions 

of regulation are altered (Chen et al., 2014). Hyper-activation leading to initiation of novel 

signalling pathways and cellular outcomes is quite a common outcome and has been 

extensively studied mainly in scenarios of uncontrolled cell division that underpin the 

development of many cancers (McCubrey et al., 2007, Steelman et al., 2011). Future 

studies, beyond the scope of the present investigation, combining gene expression and 

proteomic platforms are planned to identify the pathways susceptible to hyperactivation 

of Akt. Nevertheless, Omairi et al. proposed that the role of autophagy is in maintaining 

cellular homeostasis rather than anabolism (Omairi et al., 2016). 

 

Effects of soluble activin receptor type IIB treatment on muscle stem cells and the 

extracellular matrix 

The mechanical performance of skeletal muscle relies on both muscle fibres integrity and 

ECM. Contractile force is transmitting through the connective tissue of ECM to skeleton 

and translate to movement or balance. We showed that the disruption of Ercc1 gene was 

related to change in the ECM component in progeric mice. The elements of this 

compartments were largely normalised after sActRIIB treatment and could be one of the 
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reasons for increased mice activity as presented by using an open cage activity monitor 

system. ECM contribute directly to skeletal muscle growth and regeneration as being a 

niche of satellite cells (SC), the resident stem cell population of skeletal muscle (Mauro, 

1961). We identify unique features of SC in Ercc1Δ/- mice. We show that the Ercc1 mutation 

reduces both the number of SC and its ability to proliferate following single fibre isolation 

as a gauge of senescent. They were able to become activated, judged by their expression 

of MyoD (Figure 8.2), and differentiate but did not demonstrate the normal self-

renewal/terminal differentiation physiognomies following 72 h of culture (Zammit et al., 

2006), features shared by counterparts from geriatric wild-type mice (Garcia-Prat et al., 

2016). Our results are consistent with the findings of Lavasani et al., who showed that 

Ercc1Δ/- mice had attenuated muscle regeneration following cardiotoxin injury (Lavasani et 

al., 2012). The subsequent experiments reveal features of SC that are plastic about 

myostatin/activin signalling. First, we show that sActRIIB was unable to influence the 

number of SC in the muscle of Ercc1Δ/- mutants, which remained abnormally low compared 

with controls. This is not altogether surprising as the number of SC is established 

approximately a month after birth in mice (Lepper et al., 2009). However, sActRIIB 

treatment supported SC division and normal differentiation. We propose that these 

outcomes are unlikely to be due to a direct attenuation of myostatin/activin signalling in 

SC by sActRIIB as previous studies have shown that they express very little if any, ActRIIB 

(Amthor et al., 2009). Instead, we contemplate that sActRIIB-induces change in the Ercc1Δ/- 

myofibre ECM (shown here by changes in collagen IV expression as well as dystrophin) that 

influences the behaviour of their SC. This is possibly significant given that recent studies 

have shown that the behaviour (ability to divide and differentiate) of SC is profoundly 

influenced by the interaction of collagen molecules and stem cell receptors (Baghdadi et 

al., 2018). 
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Figure 8.2. Examination of satellite cell status in Ercc1Δ/- in cultured fibres. 

Quantification of proportion of stem cells (Pax7+/MyoD-) and activated cells (Pax7-/MyoD+) on 

EDL fibres after 48h culture. n= 7 for both cohorts. Student’s t-test. 
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Organismal enhancement by soluble activin receptor type IIB treatment 

In this study, we show that antagonism of myostatin/activin signalling in Ercc1Δ/- mice 

attenuated the development of ageing-related changes not only of muscle activity but 

rather also organismal activity overall. Administration of sActRIIB to Ercc1Δ/- mice increase 

body weight, improved strength, fitness, and locomotor performance, delayed the onset 

and importantly, the severity of several age-related neurological abnormalities. We show, 

surprisingly, even with this lower body weight the Ercc1Δ/- mice, their food consumption 

was higher than counterpart control mice. One suggested explanation is that the most of 

nutrients and energy are recruited by protein synthesis/degradation cycles that showed 

hyperactivated in Ercc1Δ/- muscle.  A further metabolic analysis, intestine endothelial 

integrity and absorption ability and faeces analysis are suggested for more accurate 

interpretation of this phenomenon. Being underweight consider a health issue and lead to 

many retaliated health implications. One suggested health implication related to decrease 

in body weight is decrease bone mineral density and make it more prone to fractures (Lim 

and Park, 2016) and fall-related fracture consider one of the complications of sarcopenia 

(Cederholm et al., 2013). 

Furthermore, underweight was associated with increased mortality resulting from an 

accident (Roh et al., 2014). Injection of sActRIIB in Ercc1Δ/- mice significantly increased body 

weight and the percentage of weight gain was noticed as early as one week after injecting 

compared to nontreated mice. This increase could result from the direct effect of 

antagonise myostatin since its level was reported increased in related to decrease in body 

weight (Motevalli et al., 2015), or indirect by increasing muscle mass, the most abundant 

tissue in the body. The improved skeletal muscle strength was reported by using anti-

myostatin antibody in old age for four weeks, was also reported here by antagonising 

myostatin/activin signalling. As a result, we have seen that there was an improvement in 

organismal strength and fitness. Using sActRIIB in R6/2 mice, a model of Huntington’s 

disease, an inherited neurodegenerative disorder, for six weeks was able to reduce muscle 

atrophy, weakness, contractile abnormalities and loss of functional motor units (Bondulich 

et al., 2017). We showed here also that the imbalance and severity of tremor as a sign of 

age-related neurological abnormalities was delayed by using sActRIIB in Ercc1Δ/- progeric 

mice. Our result showed the persistence of DNA damage in skeletal muscle tissue after 
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sActRIIB treatment. This evidence suggests that antagonise myostatin/activin signalling is 

not targeting the primary cause of the condition but consider as symptomatic treatment. 

However, the enhancement showed by sActRIIB in skeletal muscle of treated Ercc1Δ/- if 

applied to aged people might have a positive impact on the quality of life by increased 

mobility and reduction fall-related fractures.   

 

The effects of using sActRIIB in Ercc1+/+ mice. 

The effect of genotype on treatment outcomes has been postulated in early studies. 

Variation in experimental animal genotype has been suggested to have a significant effect 

on the mechanism of drug action and how these mice respond to treatment (Meier and 

Fuller, 1966) and this term as pharmacogenetics (Nebert, 1999) or in broad aspect as 

pharmacogenomics (Evans and Relling, 1999). In consideration of this fact, we used an 

inbred control mouse (Ercc1+/+), to reduce the expected variation in response to treatment 

related to genetic diversity. Furthermore, to our knowledge, this is the first study 

investigating the effect of antagonising myostatin/activin in Ercc1+/+ with FVB/C57Bl6 

background mice, as it reported before as normal mice (Dollé et al., 2011).   

Injection of sActRIIB to Ercc1Δ/- mice were able to increase body weight, and we suggest it 

mainly by an increase in muscle mass. Since there was evidence of a decrease in body fat 

contents in myostatin null mammals (Deng et al., 2017), and a further study shows no 

change in fat mass after sActRIIB treatment for four weeks (Whittemore et al., 2003, Akpan 

et al., 2009). We showed that the muscle mass was increased by hypertrophy but not 

hyperplasia in Ercc1+/+ treated with sActRIIB. However, it was reported that the increase in 

muscle mass in myostatin null mice is due to both mechanisms (McPherron et al., 1997). 

The skeletal muscle hyperplasia mostly related to prenatal deletion of myostatin. For 

instance, Thomas et al showed that C2C12 muscle cell line treated with Myostatin results 

in a reduction of myoblast proliferation due to its interaction with the factors that control 

the progression of the cell cycle from G1 to S-phase through up-regulation of p21 inhibitor 

and its ability to downregulate Cdk2 (Thomas et al., 2000). We suggest the increase in fibres 

mass in Ercc1+/+ mice was due to increase protein synthesis and reduce protein degradation 

since myostatin mediate inhibition in protein synthesis by reducing Akt and upregulating 

FoxO activity (Yang et al., 2007). These increases in fibres size were seen in all fibres type 
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and more pronounce in fibres express MHCIIb. That could be explained, if we consider a 

study reporting that IIb myofibres express the highest level of activin receptor IIB among 

other myofibres type (Mendias et al., 1985), therefore reduce inhibitory signal leads them 

to display the highest increase CSA. 

On the other hand, new fibres rely on recruiting satellite cells. We showed that introducing 

sActRIIB did not affect satellite cell number, the proliferation or even differentiation. This 

find agrees with previous work that shows no effect of post-natal blocking of myostatin on 

satellite cell number (Matsakas et al., 2009) and differentiation (Foster et al., 2009). The 

downregulation of activin receptor in satellite cell could be the reason that these cells have 

not affected by the level of myostatin after its blocking (Amthor et al., 2007).  

We showed that even sActRIIB treatment was able to increase muscle mass; however lead 

to a partial reduction in muscle force generation. This functional reduction could be 

explained considering other studies that showed a reduction in specific force and increase 

fatigability due reduce mitochondrial content, oxidative capacity and capillary density with 

relation to myostatin null hypertrophic phenotype (Amthor et al., 2007, Mendias et al., 

1985, Omairi et al., 2016). Indeed, we find a significant shifting to the glycolytic profile after 

eight weeks of sActRIIB treatment. Specifically, Rahimov et al. found that injection of 

sActRIIB resulted in a reduction in the expression of genes that regulate mitochondrial 

function (Rahimov et al., 2011), and consequently reduce ATP production and muscle force 

generation. The other reason for reduction specific force that could be concluded from a 

study that shows an increase in fibres CSA but not myonuclei number after myostatin 

blocking and that reduce nuclear: cytoplasmic ratio (Matsakas et al., 2009). 

Furthermore, another study demonstrated a close relation of myonuclei domain size, the 

area of cytoplasm served by one nucleus, and maintaining a specific force in hypertrophic 

condition (Qaisar et al., 2012). In this study the increase of muscle mass in two conditions, 

IGF overexpression with the addition of new myonuclei and myostatin null with no 

evidence of increase myonuclei, there was maintaining of a specific force in IGF 

overexpression but not in Mstn-/- mice (Qaisar et al., 2012). The shift that we showed in 

Ercc1+/+ mice toward fast MHC profiles after sActRIIB treatment, as IIB fibres well 

documented to be more susceptible to fatigue because of it lower mitochondrial content, 

less oxidative enzyme and less blood supply capillary (Armstrong, 1996), did not affect 

fatigue result by using rotarod. 
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Further investigation using treadmill needed to ensure this result, because the animals 

learn how to jump out the rotating shift as they are healthy animal and that not the case 

with progeric mice. However, the open field result of locomotor activity showed that 

treated animals travelled, by walking, less than non-treated animals. 

In summary, it is antagonising of myostatin/activin by using sActRIIB for eight weeks in 

Ercc1+/+ mice significantly increased body and muscle mass. The increase in muscle mass 

was due to fibres hypertrophy independent of fibres type and did not involve an increase 

in fibres number. A reduction muscle and animal activity combined this hypertrophic 

phenotype, and we suggested it could be due to shifting toward a most fatigable fast and 

glycolytic fibres type.     
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Conclusion 

Our work highlights a novel mechanism that attenuates age-related skeletal muscle tissues 

alterations. It is well documented that one of the mechanisms that are initiated to slows 

the signs of ageing is that shift of cellular resources toward maintenance and repair on the 

expense of growth and proliferation (Niedernhofer et al., 2006, Garinis et al., 2009, 

Pinkston et al., 2006). Experimentally this mechanism could be achieved by attenuating 

IGF-1 and GH activity, which controls the somatic growth axis (Hinkal and Donehower, 

2008, Guarente and Kenyon, 2000). The other approach that supports this notion is to 

decrease energy uptake by dietary restriction (DR) (Fontana et al., 2010). Vermeij et al. 

have shown that DR delays ageing at the organismal level and extends lifespan and 

healthspan of Ercc1Δ/- mice (Vermeij et al., 2016a). Considering these studies, promoting 

tissue growth would conflict with the idea of energy expenditure shifting and might be 

harmful to an ageing model. Our result demonstrates that a mechanism that promoted the 

growth of skeletal muscle in progeric mice also promotes overall health span as evidenced 

by activity measurements and tissue structure and function; however it reduces activity in 

healthy control (Ercc1+/+). We believe that by examining the defects that underlie the 

accelerated ageing process in progeroid mice, we can reconcile these apparent 

discrepancies. 

We have shown that the deficiency in repairing DNA leads to the damage that stops 

transcription at least in postmitotic tissues, which cannot dilute or repair DNA damage 

through replication related repair pathways. Consequently, a preference loss of long 

transcripts resulted from the stochastic nature of DNA damage (Vermeij et al., 2016a). 

Besides, DR is able, by reducing the DNA damage load, to prevent transcription block 

(Vermeij et al., 2016a).  We propose that the transcriptional landscape at least in the 

skeletal muscle tissue is unaffected by sActRIIB, but that enhanced protein synthesis 

promoted with sActRIIB may, by increasing the number of polypeptides from each mRNA’s 

molecule, at least partly compensate for a deficit in longer transcripts. In this model, the 

levels of proteins encoded by long genes in Ercc1Δ/- would be increased by either increased 

rate of protein synthesis (by sActRIIB) or as previously showed by reduced arrest of gene 

transcription due to diminished DNA damage induction (by mechanisms induced by DR) 

(Vermeij et al., 2016a).  
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Importantly, while many aspects of ageing have been delaying, sActRIIB administration has 

not increased overall lifespan. This suggests that a model in which myostatin/activin 

attenuation does not affect the upper limits of lifespan but somewhat reduces morbidity, 

maintaining health until very old age (Fries, 2002, Dong et al., 2016).  
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Future work 

We are nevertheless mindful that despite promising results in rodent models, translation 

of therapies based on myostatin/activin antagonists have been, to date, unsuccessful in 

delivering intended outcomes and others have been curtained due to safety concerns 

(Golan et al., 2018, Saitoh et al., 2017a) and point to the need to develop a greater 

understanding of the biological processes controlled by this signalling axis. Although, 

attenuating of myostatin signalling prevents or ameliorates muscle loss in diseases and 

physiological conditions such as sarcopenia, using such an approach in wild type and some 

mouse model had many limitations. One of these limitations represents by reducing muscle 

specific force, although promoting skeletal muscle growth (Amthor et al., 2007). Another 

undesirable side effect of antagonising myostatin is that the reduce myostatin signal in 

skeletal muscle lead to profile shifting from slow to fast MHC and reduce oxidative capacity 

(Amthor et al., 2007, Hering et al., 2016). Increase the proportion of fast fibres, the most 

fatigable myofibres, may affect muscle activity. 

Furthermore, reduce oxidative status was well document as its combination with the 

reduction of energy production since the oxidative metabolism relies on mitochondria, the 

sores of ATP in living tissue (Amthor et al., 2007, Ploquin et al., 2012). However, the use of 

sActRIIB in progeric Ercc1Δ/- mice was able to increase muscle mass and enhance both 

muscle and organismal activity. A possible means of alleviating some of the safety issues 

associated with myostatin/activin antagonists could be through decreasing their dose but 

at the same time harnessing the benefits of other agents that promote healthy ageing. In 

line with the thought that fast/glycolytic profile related to myostatin signalling block, we 

could suggest using a combination of both sActRIIB and approach that enhance oxidative 

metabolism and facilitate fast to slow shifting, could have more benefit to progeric mice. 

One of these recommended approaches and most save, and applicable technique is 

exercise. It is well documented that training leads to increase oxidative metabolism and 

increase expression of slow MHCs (Röckl et al., 2007, Holloszy, 1967, Gollnick et al., 1973, 

Holloszy and Booth, 1976). Combination the endurance exercise training with deletion of 

myostatin results in an increased proportion of SDH positive (oxidative fibres) via increased 

oxidative enzyme activity and finally resulting in enhance organismal activity (Savage and 

McPherron, 2010, Matsakas et al., 2010, Matsakas et al., 2012). Training programs that 
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applied to myostatin-deficient mice in a wild type have been shown an enhancement in 

oxidative capacity and animal activity. However, progeric mice have a high proportion of 

damaged fibres with abnormal ECM that the case forces the animal for training may lead 

to exasperating the condition of the fibre. 

Furthermore, the myostatin inhibition itself could lead to muscle damage after moderate 

exercise (McPherron et al., 1997, Grobet et al., 1997). However, muscle fibres from animal 

lacking myostatin did not damage in the light period of training (Wagner et al., 2005). In 

light of these results, we could expect a benefit of the combination of sActRIIB treatment 

with moderate training in term of enhancing skeletal muscle oxidative capacity in Ercc1Δ/- 

mice. Furthermore, the training has been shown to enhance the ability of ageing cells to 

repair DNA damage (Radak et al., 2011) and that would be beneficial in mice lacking DNA 

repair mechanism. 

The other suggested future direction is to use a combination of sActRIIB treatment and 

dietary restriction (DR). Using rats model, a study show that caloric restriction (CR) was able 

to modulate the metabolic status to more oxidative by enhancing mitochondrial activity 

(Chen et al., 2015), and another study demonstrates the ability of caloric restriction to alter 

the muscle contraction profile by increase slow fibres proportion on expense of fast fibres 

(De Andrade et al., 2015). The benefits of caloric restriction in aged mammals are well 

studied. Lee et al. have shown, on expression level, the ability of CR to prevent most of the 

alteration in gene expression related to ageing that regulates mechanisms including protein 

turnover and macromolecular damage (Lee et al., 1999). The dietary restriction was 

reported to reduce the signs of sarcopenia, even in the regime of one-day fasting per week 

(Cavallini et al., 2008). Most specifically, using DR in Ercc1Δ/- mice were able to delay signs 

of ageing, reduce DNA damage and increase lifespan (Vermeij et al., 2016a). The increase 

in muscle mass and muscle enhancements with fast and glycolytic shifting that we have 

been shown in Ercc1Δ/- mice after sActRIIB treatment, the DR will fit nicely as a combination 

treatment.     

Other attractive proposition could be to use a combination of myostatin/activin 

antagonists and the deployment of the angiotensin 1–7 hexapeptide. The latter has been 

shown to block overactive renin-angiotensin signalling, which not only drives muscle 

dysfunction but also leads to muscle fibrosis (Meneses et al., 2015, Morales et al., 2013). A 



Future work 

217 
Khalid Alyodawi 

recent study showed that angiotensin 1–7 was able to restore age-related muscle weakness 

in a rodent model (Takeshita et al., 2018). Both the sActRIIB and angiotensin 1–7 are 

attractive therapeutic molecules because they could be delivered using existing medical 

devices such as osmotic mini-pumps. 

Activin receptor type IIB is the common receptor for TGF-β family members (Shi and 

Massague, 2003) and using a soluble form of this receptor will neutralise all these 

molecules. The effects that we have noticed in Ercc1Δ/- mice after injection of sActRIIB 

might be the effect of antagonising one or more molecules of these family. As the 

myostatin is a well-defined member of its negative regulator of muscle growth (McPherron 

et al., 2009), then it will be interesting to compare the effect of the specific blocker of 

myostatin to sActRIIB in progeric Ercc1Δ/- mice. One of a molecule that specifically 

inactivates myostatin is the recombinant myostatin propeptide. A study showed its ability 

to increase muscle mass and enhance repair and regeneration in the mouse model 

(Hamrick et al., 2010). Furthermore, using myostatin propeptide leads to reverse muscle 

loss by increase fibres size in aged mice (Arounleut et al., 2013, Flasskamp et al., 2014).   

The aged people are more prone to fall-related injury and more susceptible to illness; thus, 

they subjected to bed rest during the treatment period and recovery. On top of sarcopenia, 

the involuntary loss of skeletal mass and function, these periods of bed rest could initiate 

a severe decline in muscle strength and mass (Covinsky et al., 2003, Visser et al., 2000). 

Considering our result of long-term uses of sActRIIB injection and enhancement of skeletal 

muscle mass and functional activity in progeric mice, we suggest a future set of 

experiments to investigate the short-term effect of the sActRIIB injection. Short term 

treatment of sActRIIB in progeric mice could be mimic the period of bed rest in illness aged 

people and might preserve muscle mass and functionality in this period. 

 

 

 

 

 

 

 



 

218 
Khalid Alyodawi 

 

 

Appendices 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendices 

219 
Khalid Alyodawi 

Appendix 1 - Antibodies used 

Primary antibodies 

Antigen  Species  Dilution  Supplier 

Pax7  Mouse 1:1 DSHB 

MyoD Rabbit 1:200 Santa Cruz Biot # sc-760 

Myogenin rabbit 1:200 Santa Cruz sc576 

MYHCI Mouse 1:1 DSHB A4.840 

MYHCIIA Mouse 1:1 DSHB  A4.74 

MYHCIIB Mouse 1:1 DSHB  BF.F3 

CD31 Rat 1:150 AbD serotec MCA2388 

Dystrophin  Rabbit 1:200 Abcam 15277 

Collagen IV Rabbit 1:500 Abcam ab6586 

Histone H3 Rabbit 1:100 Abcam ab8898 

Histone H4 Rabbit 1:200 Abcam ab9052 

pSmad2/Smad3 Rabbit 1:200 Cell signalling Technology # 8828  

SMA Mouse 1:300 Sigma A2547 

Cleaved Caspase-3 Rabbit  1:200 Cell signalling Technology #9664S 

Phospho-S6 Ribosomal 
Protein (Ser235/236)  

Rabbit 1:1000 Cell signalling Technology #4857 

Phospho-Akt (Ser473)  Rabbit 1:1000 Cell signalling Technology #4060 

LC3  Rabbit 1:1000 Cell signalling Technology #2775 

Phospho-4E-BP1 
(Thr37/46) 

Rabbit 1:1000 Cell signalling Technology #2855 

Phospho-4E-BP1 
(Ser65)  

Rabbit 1:1000 Cell signalling Technology #9451 

Anti-p62/SQSTM1 Rabbit 1:1000 Sigma P0067 

Phospho-FoxO1 
(Ser256)  

Rabbit 1:1000 Cell signalling Technology #9461 

Anti-Smad3 (phospho 
S423 + S425) 

Rabbit 1:200 Abcam(ab52903) 
 

Nephrin Goat 1:500 R&D Systems (AF3159) 

Secondary antibodies 

Antibody Species Dilution  supplier 

Alexa fluor 633 anti-mouse  Goat 1:200 Life Technologies  # A20146 

Alexa fluor 488 anti-mouse  Goat 1:200 Life Technologies # A11029 

Alexa fluor 488 anti-rabbit Goat 1:200 Life Technologies # A11034 

Alexa fluor 594 anti-rabbit Goat 1:200 Life Technologies  # A11037 

Immunoglobulins/HRP 

anti-Rat 

Rabbit 1:200 Dako P0450 
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Appendix 2 – Materials 

Reagents 

Substance    supplier 

4% Paraformaldehyde Fisher scientific  F/1501/PB08 

CaCl2 Fisher scientific  10161800 

Chick embryo extract MP Biomedicals, LLC Cat. No. 2850145 

DAPI (2.5 µg/ml) DakoCytomation DAKO Corp, Carpinteria, 

California 

DMEM Gibco 31966-021 

DPX Fisher scientific D/5319/05 

DHE Sigma-Aldrich 7008 

Glycerol  Sigma-Aldrich G6279-1L 

Glutaraldehyde Solution 25%  Merck, Germany 1042390250 

Eosin  Sigma-Aldrich 318906-500ML 

FBS Gibco 10270-106 

Haematoxylin  Sigma-Aldrich MHS16-500ML 

HEPES Fisher scientific BP410-500 

Horse serum  Gibco 16050-122 

Isopropanol  Fisher Scientific P/7490/17 

Hydro mounting media  Agar scientific R1356 

KCl  BDH 101984L 

KCN Fisher scientific 1059938 

KH2PO4  BDH 10203 

MgSO4 BDH 101514Y 

MgCl2 Sigma-Aldrich M2670-500 

NaCl Sigma-Aldrich 71382 

OCT TAAB O023  

 PBS Tablets Oxoid BR0014G 

Penicillin-streptomycin Invitrogen 15240-062 
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Phenazine methosulfate  Sigma P9625-1G 

Sodium azide Fluka   

Sodium succinate  Fisher scientific  11418852 

Sucrose  Fisher chemical S/8560/53 

Triton X-100  Fisher scientific T/3751/08 

Type 1 collagenase Sigma C0130 

NaHCO3  Sigma S-8875 NaHCO3 Sigma S-8875 

NaOH  Sigma S-5881 

NBT  Sigma Aldrich 74032 

Na Citrate BDH # 30128 

PBS Tablets  Oxoid BR0014G 

Penicillin-streptomycin Invitrogen 15240-062 

PFA  Fisher Scientific P/0840/53 

Phenazine methosulphate  Sigma P9625-1G 

Protease Inhibitor Cocktail Set l  CALBIOCHEM #539131 

RevertAid H Minus First Strand cDNA 
Synthesis Kit 

Life Technologies k1631 

RNase-Free DNase Set (50)  QIAGEN 79254 

RNeasy Mini Kit  (50) QIAGEN 74104 

SDS  Fisher Scientific S/200/53 

SYBER Safe DNA gel  Invitrogen S33102 

SYBR® Green PCR Master Mix  Applied Biosystems 4309155 

Taq 2X Master  Mix New England Biolabs M0270L 

Triton X-100  Fisher Scientific T/3751/08 

TRIzol  Sigma-Aldrich T9424-100ml 

Uranyl acetate  Polysciences, Germany 

Urea  BDH, 102908D 

 

 

 

 



Appendices 

222 
Khalid Alyodawi 

Solutions 

Phosphate buffer saline (PBS) 

PBS tablets were dissolved in distilled water and then autoclaved.   

Permeabilization buffer 

0.952g Hepes, 0.260g MgCl2, 0.584g  NaCl, 0.1g Sodium azide, 20.54g Sucrose and 1ml 

Triton X-100 were made up to 200ml distilled water. The buffer was stored at 4°C. 

Wash buffer 

25ml Foetal bovine serum (FBS), 200mg Sodium azide and 250µl Triton X-100 were 

dissolved in 500ml PBS and stored at 4°C. 

Type 1 collagenase  

2mg of type 1 collagenase was dissolved in 1ml serum free Dulbecco's Modified Eagle 

Medium (DMEM) GlutamaxTM (0.2% w/v). 

Paraformaldehyde (PFA) in PBS 

20g of paraformaldehyde powder dissolved in 480 ml PBS by heating to 65°C. Volume was 

then made to 500ml with PBS and stored at room temperature. 

Single Fibre Culture Medium (SFCM) 

45ml of DMEM GlutamaxTM was supplemented with 250µl of chick embryo extract, 5ml 

10% horse serum, 500 µl penicillin-streptomycin. The medium was stored at 4°C. 

Nitro blue tetrazolium (NBT)  

Phosphate buffer (100mM, pH 7.6) was prepared from two solutions; 12ml solution A 

(1.36g KH2PO4 /100ml), and 88ml solution B (1.42g Na2HPO4/100ml). Then 6.5mg KCN, 

185mg EDTA, and 100mg Nitroblue tetrazolium (NBT) were dissolved in 100ml Phosphate 

buffer. The mixture was stored as aliquots of 2 ml at -20°C. 

Succinate stocks 

2.7g Sodium succinate was dissolved in 20ml distilled water. Then aliquots of 2ml were 

stored at -20°C. 
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Formal calcium  

100ml 10% CaCl2, 100ml 4% Formaldehyde and 800ml distilled water. The solution was 

stored at room temperature.  

 

Taq 2X Master Mix 

10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTPs, 5% Glycerol, 0.08% IGEPAL® 

CA-630, 0.05% Tween® 20, 25 units/ml Taq DNA Polymerase pH 8.6 at 25°C. The solution 

was stored at -20°C. 

 

Krebs solution 

124 mM NaCl, 3 mM KCl, 1.25 mM KH2PO4, 36 mM NaHCO3, 1 mM MgSO4, 2 mM CaCl2, 

and Glucose. The solution was stored at 4°C. 

 

Fixative solution for TEM samples 

10 ml Glutaraldehyde 25% was added to 50 ml 0.2 M Na- cacodylate buffer pH 7.4, volume 

was then made to 100 ml with distilled water. The fixative solution was prepared freshly 

and kept in ice during work. 
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Appendix 3 – RT-PCR Primer sequences 

Oligo Name Sequence 

MuRF1.F ACCTGCTGGTGGAAAACATC 

MuRF1.R CTTCGTGTTCCTTGCACATC 

Atrogin.1F GCAAACACTGCCACATTCTCTC 

Atrogin.1R CTTGAGGGGAAAGTGAGACG 

R_mVEGFA189.F TGCAGGCTGCTGTAACGATG 

R_mVEGFA189.R CTCCAGGATTTAAACCGGGAT T 

R_mFGF1.F  GAAGCATGCGGAGAAGAACTG 

R_mFGF1.R  CGAGGACCGCGCTTACAG 

R_mVEGFB.F TGCCATGGATAGACGTTTATG C 

R_mVEGFB.R TGCTCAGAGGCACCACCAC 

m Ndufb5.F CTTCGAACTTCCTGCTCCTT 

m Ndufb6.R GGCCCTGAAAAGAACTACG 

m Sdha.F GGAACACTCCAAAAACAGACCT 

m Sdha.R CCACCACTGGGTATTGAGTAGAA 

m Sdhc.F GCTGCGTTCTTGCTGAGACA 

m Sdhc.R ATCTCCTCCTTAGCTGTGGTT 

m Cox5b.F AAGTGCATCTGCTTGTCTCG 

m Cox5b.R GTCTTCCTTGGTGCCTGAAG 

m Atp5b.F GGTTCATCCTGCCAGAGACTA 

m Atp5b.R AATCCCTCATCGAACTGGACG 

m Mdh2.F TTGGGCAACCCCTTTCACTC 

m Mdh3.R GCCTTTCACATTTGCTCTGGTC 

m Idh2.F GGAGAAGCCGGTAGTGGAGAT 

m Idh3.R GGTCTGGTCACGGTTTGGAA 

m Idh3a.F CCCATCCCAGTTTGATGTTC 

m Idh3a.R ACCGATTCAAAGATGGCAAC 

R.mPGC1A.F AACCACACCCACAGGATCAGA 

R.mPGC1A.R TCTTCGCTTTATTGCTCCATGA 

m Mvk.F  GGGACGATGTCTTCCTTGAA 

m Mvk.R GAACTTGGTCAGCCTGCTTC 

m Srebf1.F GATCAAAGAGGAGCCAGTGC 

m Srebf1.R TAGATGGTGGCTGCTGAGTG 

m Srebf2.F  GGATCCTCCCAAAGAAGGAG 

m Srebf2.R  TTCCTCAGAACGCCAGACTT 

R_mCD36.F  AGATGACGTGGCAAAGAACAG 

R_mCD36.R CCTTGGCTAGATAACGAACTCTG 

R_mSlc25a20.F  CAACCACCAAGTTTGTCTGGA 

R_mSlc25a20.R CCCTCTCTCATAAGAGTCTTCCG 

R_mACADL.F  TGCCCTATATTGCGAATTACGG 

R_mACADL.R CTATGGCACCGATACACTTGC 

R_mFabp3.F  ACCTGGAAGCTAGTGGACAG 
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R_mFabp3.R TGATGGTAGTAGGCTTGGTCAT 

R_mDmd.F ACTCAGCCACCCAAAGACTG(20) 

R_mDmd.R TGTCTGGATAAGTGGTAGCAACA 

R_mCol4a1.F GGCCCCAAAGGTGTTGATG(19) 

R_mCol4a1.R CAGGTAAGCCGTTAAATCCAGG 

m Hsp10.F CTGACAGGTTCAATCTCTCCAC 

m Hsp10.R AGGTGGCATTATGCTTCCAG 

m Clpp.F CACACCAAGCAGAGCCTACA 

m Clpp.R TCCAAGATGCCAAACTCTTG 

m IL6.F GGTGACAACCACGGCCTTCCC 

m IL6.R AAGCCTCCGACTTGTGAAGTGGT 

m IL18.F GTGAACCCCAGACCAGACTG  

m IL18.R CCTGGAACACGTTTCTGAAAGA  

m Phb.F TCGGGAAGGAGTTCACAGAG 

m Phb.R CAGCCTTTTCCACCACAAAT 

m Phb2.F CAAGGACTTCAGCCTCATCC 

m Phb2.R GCCACTTGCTTGGCTTCTAC 
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Abstract

Background One of the principles underpinning our understanding of ageing is that DNA damage induces a stress response
that shifts cellular resources from growth towards maintenance. A contrasting and seemingly irreconcilable view is that
prompting growth of, for example, skeletal muscle confers systemic benefit.
Methods To investigate the robustness of these axioms, we induced muscle growth in a murine progeroid model through
the use of activin receptor IIB ligand trap that dampens myostatin/activin signalling. Progeric mice were then investigated
for neurological and muscle function as well as cellular profiling of the muscle, kidney, liver, and bone.
Results We show that muscle of Ercc1Δ/� progeroid mice undergoes severe wasting (decreases in hind limb muscle mass of
40–60% compared with normal mass), which is largely protected by attenuating myostatin/activin signalling using soluble
activin receptor type IIB (sActRIIB) (increase of 30–62% compared with untreated progeric). sActRIIB-treated progeroid mice
maintained muscle activity (distance travel per hour: 5.6 m in untreated mice vs. 13.7 m in treated) and increased specific
force (19.3 mN/mg in untreated vs. 24.0 mN/mg in treated). sActRIIb treatment of progeroid mice also improved satellite cell
function especially their ability to proliferate on their native substrate (2.5 cells per fibre in untreated progeroids vs. 5.4 in
sActRIIB-treated progeroids after 72 h in culture). Besides direct protective effects on muscle, we show systemic improve-
ments to other organs including the structure and function of the kidneys; there was a major decrease in the protein content
in urine (albumin/creatinine of 4.9 sActRIIB treated vs. 15.7 in untreated), which is likely to be a result in the normalization of
podocyte foot processes, which constitute the filtration apparatus (glomerular basement membrane thickness reduced from
224 to 177 nm following sActRIIB treatment). Treatment of the progeric mice with the activin ligand trap protected against the
development of liver abnormalities including polyploidy (18.3% untreated vs. 8.1% treated) and osteoporosis (trabecular bone
volume; 0.30 mm3 in treated progeroid mice vs. 0.14 mm3 in untreated mice, cortical bone volume; 0.30 mm3 in treated
progeroid mice vs. 0.22 mm3 in untreated mice). The onset of neurological abnormalities was delayed (by ~5 weeks) and their
severity reduced, overall sustaining health without affecting lifespan.
Conclusions This study questions the notion that tissue growth and maintaining tissue function during ageing are incompat-
ible mechanisms. It highlights the need for future investigations to assess the potential of therapies based on myostatin/activin
blockade to compress morbidity and promote healthy ageing.
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Introduction

Ageing can be defined as the time-dependent decline in mo-
lecular, cellular, tissue, and organismal function increasing
risk for morbidity and mortality. It is the major risk factor
for numerous diseases including neurodegeneration, cardio-
vascular disease, and cancer.1 Progress into understanding
the mechanisms underlying the ageing process offers the
prospect of slowing its progression and maintaining biological
systems enabling a healthier life in old age.

Current models of ageing imply interplay between stochas-
tic and genetic components.2,3 Random damage in DNA
represents a stochastic element. Accumulation of DNA
damage-induced mutations is considered a significant media-
tor of cancer whereas DNA damage-induced cellular func-
tional decline, senescence, and death contribute to ageing.4

The case for a genetic component comes from numerous
studies that have defined the growth hormone/insulin-like
growth factor-1 (GH/IGF-1) as a central genetic axis that con-
trols ageing. A spectrum of mutations that attenuate compo-
nents of the GH/IGF-1 signalling cascade results in extended
lifespan.5 The apparently disparate stochastic and genetic
components have been reconciled into a unified model of
ageing by proposing that accumulation of DNA damage, and
thereafter failure of DNA to properly replicate or be tran-
scribed, leads to activation of a survival response programme
that attenuates the GH/IGF-1 activity. The ultimate
purpose of dampening GH/IGF-1 signalling is the prioritization
of maintenance mechanisms over those that promote
growth.2,3,6

Ageing results in the progressive decline of the function of
essentially all organ systems. One of the most apparent signs
of ageing in humans is sarcopenia, the involuntary loss of
skeletal muscle mass and function over time.7 It becomes ev-
ident at middle age in humans with a loss of 0.5–1% of mass
per year, which increases in the seventh decade.8 Age-related
muscle loss leads to a disproportionate decrease in strength
(1.5–5%/year) relative to the change in its mass, implying a
reduction in both the quality and quantity of the tissue.9

Sarcopenia invariably leads to a reduced quality of life by
impacting on mobility and stability, which leads to increase
incidence of fall-related injury. More importantly, sarcopenia
predisposes individuals to adverse disease outcomes (cardio-
vascular and metabolic diseases) and mortality.10,11

Skeletal muscle is a highly adaptable tissue and can be in-
duced to undergo changes in mass as well as composition
through numerous interventions including exercise and
diet.12 Numerous non-genetic molecular interventions that
increase muscle mass have also been designed.13,14 One of
the most potent reagents is the soluble activin receptor type
IIB (sActRIIB) molecule, which acts to neutralize the muscle
growth inhibitory properties of myostatin and activin. It in-
duces significant increases in body mass in less than 4 weeks
in wild-type and muscle disease model mice.15

A number of investigations using rodents models suggest
that maintaining muscle mass and function not only guards
against sarcopenia but also promotes longevity, implying that
the entire multi-organ ageing process can be attenuated by
such intervention.16 However, a mechanism that promotes
muscle hypertrophy as an anti-ageing regime would seemingly
conflict with the intended outcome of the adaptive changes
mediated through decreased GH/IGF-1 signalling that focus a
body’s reserves on tissue maintenance at the expense of
growth. Although studies in humans have shown an associa-
tion betweenmaintainingmusclemass/function and attenuat-
ing the impact of sarcopenia (e.g. Duetz et al.17) and evidence
that mass is a predictor for longevity,10 there is, to our knowl-
edge, no direct evidence that it directly extends lifespan.

Here, we challenge the notion that tissue growth, specifi-
cally in muscle, is incompatible with the systemic maintenance
of tissue structure and function during ageing. We have used
the progeroid Ercc1Δ/� mutant mouse line as an experimental
platform for our studies. It harbours attenuated excision re-
pair cross-complementation 1 activity, a key component of
several DNA repair pathways including nucleotide excision re-
pair.18 The stochastic increased accumulation of various types
of DNA adducts, which normally are repaired by these path-
ways, explains why ERCC1 mutations in humans cause a com-
plex of clinical features called xeroderma pigmentosum type
F-ERCC1 (XFE) syndrome2 combining symptoms of Cockayne
Syndrome, a progeroid condition19 associated with a tran-
scription-replication conflicts (TCR) defect as well as Fanconi’s
anaemia, a cross-link repair disorder. Ercc1Δ/� hypomorphic
mutant mice progressively show signs of ageing in all organs
from about 8 weeks of age, which are much more severe than
in geriatric wild-type mice20,21 (and see Vermeij et al. for over-
view22). Ercc1Δ/� mutant mice die at 4–6 months of age.20,23

Based on the concept that DNA damage induces a survival
response that promotes maintenance programmes at the
expense of growth, one would predict that augmenting mus-
cle growth would in the long run exacerbate the pathologi-
cal features in a progeroid model. What we find is
something quite different; sActRIIB treatment prior to the
onset of progeria can support the growth of skeletal muscle,
notwithstanding nucleotide excision repair defects. Impor-
tantly, the muscle is free of the numerous ultrastructural ab-
normalities found in untreated Ercc1Δ/� littermates, nor
does it build up elevated levels of reactive oxygen species
(ROS). We show that these qualitative changes in the muscle
are underpinned by an active autophagic programme. At the
organismal level, sActRIIB protects Ercc1Δ/� mice from age-
related decline in muscle strength and locomotor activity.
It also protects kidney function from developing proteinuria,
the liver from nuclear abnormalities and metabolic shift, and
the skeletal system from osteoporosis and delays the devel-
opment and severity of neurological abnormalities like
tremors. However, lifespan was not increased. We believe
that this work highlights the need for future investigations
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focusing on assessing the therapeutic potential of antago-
nism of the myostatin/activin signalling cascade in sustaining
health and quality of life until old age.

Methods

Ethical approval

‘The authors certify that they comply with the ethical guide-
lines for publishing in the Journal of Cachexia, Sarcopenia
andMuscle: update 2017’.24 The experiments were performed
under a project licence from the United Kingdom Home Office
in agreement with the Animals (Scientific Procedures) Act
1986. The University of Reading Animal Care and Ethical Re-
view Committee approved all procedures. Animals were hu-
manely sacrificed via Schedule 1 killing. The Erasmus MC
study was in strict accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health and was approved by the Dutch Ethical Committee
(permit # 139-12-13), in full accordance with European
legislation.

Animal maintenance

Control (Ercc1+/+) and transgenic (Ercc1Δ/�) mice were bred as
previously described20,25 and maintained in accordance to the
Animals (Scientific Procedures) Act 1986 (UK) and approved
by the Biological Resource Unit of Reading University or the
Dutch Ethical Committee at Erasmus MC. Mice were housed
in individual ventilated cages under specific pathogen-free
conditions (20–22°C, 12–12 hr light–dark cycle) and provided
food and water ad libitum. Because the Ercc1Δ/� mice were
smaller, food was administered within the cages, and water
bottles with long nozzles were used from around 2 weeks of
age. Animals were bred and maintained (for the lifespan co-
hort) on AIN93G synthetic pellets (Research Diet Services B.
V.; gross energy content 4.9 kcal/g dry mass, digestible energy
3.97 kcal/g). Post-natal myostatin/activin block was induced
in 7-week-old male mice, through intraperitoneal (IP) injec-
tion with 10 mg/kg of sActRIIB-Fc every week, two times till
week 16.26 Each experimental group consisted of a minimum
of five male mice. The University of Reading experiments
were performed on 12 controls, 9 Ercc1Δ/�, and 14 sActRIIB-
treated Ercc1Δ/� mice (all male mice). Lifespan experiments
were performed on both genders, with five male and five fe-
male Ercc1Δ/� mice per treatment condition and four males
and four female littermate wild-type controls. End-of-life
Ercc1Δ/� animals, both sActRIIB and mock treated, were
post-mortem investigated and scored negative for visible tu-
mours, signs of internal bleedings, enlarged spleen size, or ab-
normally coloured heart or enlarged heart size.

Phenotype scoring

The mice were weighed and visually inspected at least weekly
and were scored in a blinded manner by experienced re-
search technicians for the onset of various phenotypical pa-
rameters. The onset of body weight was counted as the
first week. A decline in body weight was noted after their
maximal body weight was reached. Whole-body tremor was
scored if mice were trembling for a combined total of at least
10 s when put on a flat surface for 20 s. Impaired balance was
determined by observing the mice walking on a flat surface
for 20 s. Mice that had difficulties in maintaining an upright
orientation during this period were scored as having imbal-
ance. If mice showed a partial loss of function of the hind
limbs, they were scored as having paresis.

Open-field activity cages monitoring system

Open-field cages (Linton Instrumentation AM548) with an ar-
ray of invisible infrared light beams and multiple photocell re-
ceptors were used. Beams scan activity at two levels from
front to back and left to right was performed to determine
movement with data captured using AMON software, run-
ning on Windows PCs. The lower grid measured normal X, Y
movement, whilst the upper grid measured rearing move-
ment. Mice (14 weeks of age) were acclimatized for 30 min
before recording. Data were measured on three occasions
at 1 day intervals.

Rotarod

Rotarod machine (Panlab Harvard Apparatus LE8500; or Ugo
Basile for Erasmus MC cohort) was used for motor activity
and fatigue characterization. Mice were held manually by
the tail and placed on the central rod that rotated at the min-
imum speed for acclimatization for 1 min. Thereafter, the ro-
tation rate of the central rod was increased to a maximum of
40 rpm. The rotation rate and time mice stayed on the central
rod was recorded.

Grip strength

In vivo assessment of forelimb muscle maximum force was
performed using a force transducer (Chatillon DFM-2,
Ontario, Canada). Mice were held by the tail base, lowered
towards the bar, and allowed to grip. The mouse was pulled
backwards, and the force applied to the bar just before loss
of grip was recorded.
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Muscle tension measurements

Dissection of the hind limb was carried out under oxygenated
Krebs solution (95% O2 and 5% CO2). Under circulating oxy-
genated Krebs solution, one end of a silk suture was attached
to the distal tendon of the extensor digitorum longus (EDL)
and the other to a force transducer (FT03). The proximal ten-
don remained attached to the tibial bone. The leg was se-
cured in the experimental chamber. Silver electrodes were
positioned on either side of the EDL. A constant voltage stim-
ulator was used to directly stimulate the EDL, which was
stretched to attain the optimal muscle length to produce
maximum twitch tension (Pt). Tetanic contractions were in-
voked by stimulus trains of 500 ms duration at 20, 50, 100,
and 200 Hz. The maximum tetanic tension (Po) was deter-
mined from the plateau of the frequency–tension curve.

Protein synthesis measure

The relative rate of protein synthesis was measured using the
surface sensing of translation method (SUnSET).27 Briefly,
mice were injected exactly 30 min before tissue collection
with 0.04 μmol/g body mass puromycin into the peritoneal
cavity and then returned to their cages. After tissue collec-
tion, muscles were solubilized as for western blotting and
then pulled through a slot blotting chamber facilitating the
transfer of protein onto a nylon membrane. Thereafter, the
membrane was processed identically to a western blot.

Histological analysis and immunohistochemistry

Following dissection, the muscle was immediately frozen in
liquid nitrogen-cooled isopentane and mounted in optimal
cutting temperature compound (TAAB O023) cooled by dry
ice/ethanol. Immunohistochemistry was performed on
10 μm cryosections that were air-dried at room temperature
(RT) for 30 min before the application of block wash buffer
[PBS with 5% foetal calf serum (v/v), 0.05% Triton X-100]. An-
tibodies were diluted in wash buffer 30 min before using.
Fluorescence-based secondary antibodies were used to detect
all primary antibodies except for CD-31 where the Vectastain
ABC-HRP kit was deployed (Vector PK-6100) with an
avidin/biotin-based peroxidase system and DAB peroxidase
(HRP) substrate (Vector SK-4100). Morphometric analysis of
muscle fibre size was performed as previously described.28De-
tails of primary and secondary antibodies are given in Table 1.

Dihydroethidium staining

Sectioned slides were dried for 30 min at RT. The sections
were rehydrated with PBS then incubated with
dihydroethidium (DHE) (50 μmol/L in PBS Sigma D7008) for

30 min at 37°C in the dark. Counterstain for nuclei was
DAPI-containing fluorescent mounting medium.

Haematoxylin and eosin

Muscle and liver sections were dewaxed in xylene and rehy-
dration in ethanol prior to incubation with Harris’
haematoxylin solution (Sigma HHS16) for 30 s and thereafter
in eosin solution (Sigma-Aldrich 318906) for 2 min.

Succinate dehydrogenase staining

Muscle cyro-sections were incubated for 3 min at RT in a so-
dium phosphate buffer containing 75 mM sodium succinate,
1.1 mM Nitroblue Tetrazolium (Sigma-Aldrich), and 1.03 mM
PhenazineMethosulphate (Sigma-Aldrich). Samples were then
fixed in 10% formal-calcium, dehydrated and cleared in xylene
prior to mounting with DPX mounting medium (Fisher).

Transmission electron microscopy

Biceps muscle and the kidney were briefly fixed with 4% para-
formaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate
buffer pH 7.4 in situ at RT then dissected, removed, and cut
into pieces of 1 mm3 and fixed for 48 h in same solution at
4°C. Tissue blocks were contrasted using 0.5% OsO4 (Roth,
Germany; RT, 1.5 hr) and 1% uranyl acetate (Polysciences,
Germany) in 70% ethanol (RT, 1 hr). After dehydration, tissue
blocks were embedded in epoxy resin (Durcopan, Roth,
Germany), and ultrathin sections of 40 nm thickness were
cut using a Leica UC6 ultramicrotome (Leica, Wetzlar,
Germany). Sections were imaged using a Zeiss 906 TEM
(Zeiss, Oberkochen, Germany) and analysed using ITEM soft-
ware (Olympus, Germany).26

Blood glucose, growth hormone, insulin, and
insulin-like growth factor-1 levels

Glucose levels were measured using a freestyle mini blood
glucose metre. GH, insulin, and IGF-1 levels were measured
in serum using a rat/mouse growth hormone ELISA (Merck
Millipore), ultrasensitive mouse insulin ELISA (Mercodia), or
mouse IGF-1 ELISA (Abcam), respectively.

Micro-computed tomography imaging

Computed tomography imaging was performed using a
high-speed in vivo micro-computed tomography (μCT)
scanner (Quantum FX, PerkinElmer, Hopkinton, MA, USA).
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Table 1. Primer and antibody details

Primary antibodies
Antigen Species Dilution Supplier

Pax7 Mouse 1:1 DSHB
MyoD Rabbit 1:200 Santa Cruz Biot # sc-760
Myogenin Rabbit 1:200 Santa Cruz sc576
MYHCI Mouse 1:1 DSHB A4.840
MYHCIIA Mouse 1:1 DSHB A4.74
MYHCIIB Mouse 1:1 DSHB BF.F3
CD31 Rat 1:150 AbD serotec MCA2388
Dystrophin Rabbit 1:200 Abcam 15277
Collagen IV Rabbit 1:500 Abcam ab6586
Histone H3 Rabbit 1:100 Abcam ab8898
Histone H4 Rabbit 1:200 Abcam ab9052
pSmad2/Smad3 Rabbit 1:200 Cell signalling Technology # 8828
SMA Mouse 1:300 Sigma A2547
Caspase-3 Rabbit 1:200 Cell signalling Technology #9664S
Phospho-S6 Ribosomal Protein (Ser235/236) Rabbit 1:1000 Cell signalling Technology #4857
Phospho-Akt (Ser473) Rabbit 1:1000 Cell signalling Technology #4060
LC3 Rabbit 1:1000 Cell signalling Technology #2775
Phospho-4E-BP1 (Thr37/46) Rabbit 1:1000 Cell signalling Technology #2855
Phospho-4E-BP1 (Ser65) Rabbit 1:1000 Cell signalling Technology #9451
Anti-p62/SQSTM1 Rabbit 1:1000 Sigma P0067
Phospho-FoxO1 (Ser256) Rabbit 1:1000 Cell signalling Technology #9461
Anti-Smad3 (phospho S423 + S425) Rabbit 1:200 Abcam (ab52903)
Nephrin Goat 1:500 R&D Systems (AF3159)
PFoxO3a (Ser253) Rabbit 1:1000 Cell signalling Technology #9466
Anti-gamma H2A.X (phospho S139) Rabbit 1:1000 Abcam 11174

Secondary antibodies

Antibody Species Dilution Supplier

Alexa fluor 633 anti-mouse Goat 1:200 Life Technologies # A20146
Alexa fluor 488 anti-mouse Goat 1:200 Life Technologies # A11029
Alexa fluor 488 anti-rabbit Goat 1:200 Life Technologies # A11034
Alexa fluor 594 anti-rabbit Goat 1:200 Life Technologies # A11037
Immunoglobulins/HRP anti-Rat Rabbit 1:200 Dako P0450

qPCR primers sequence

SequenceOligo name

MuRF1.F ACCTGCTGGTGGAAAACATC
MuRF1.R CTTCGTGTTCCTTGCACATC
Atrogin.1F GCAAACACTGCCACATTCTCTC
Atrogin.1R CTTGAGGGGAAAGTGAGACG
R_mVEGFA189.F TGCAGGCTGCTGTAACGATG
R_mVEGFA189.R CTCCAGGATTTAAACCGGGAT T
R_mFGF1.F GAAGCATGCGGAGAAGAACTG
R_mFGF1.R CGAGGACCGCGCTTACAG
R_mVEGFB.F TGCCATGGATAGACGTTTATG C
R_mVEGFB.R TGCTCAGAGGCACCACCAC
m Ndufb5.F CTTCGAACTTCCTGCTCCTT
m Ndufb6.R GGCCCTGAAAAGAACTACG
m Sdha.F GGAACACTCCAAAAACAGACCT
m Sdha.R CCACCACTGGGTATTGAGTAGAA
m Sdhc.F GCTGCGTTCTTGCTGAGACA
m Sdhc.R ATCTCCTCCTTAGCTGTGGTT
m Cox5b.F AAGTGCATCTGCTTGTCTCG
m Cox5b.R GTCTTCCTTGGTGCCTGAAG
m Atp5b.F GGTTCATCCTGCCAGAGACTA
m Atp5b.R AATCCCTCATCGAACTGGACG
m Mdh2.F TTGGGCAACCCCTTTCACTC
m Mdh3.R GCCTTTCACATTTGCTCTGGTC
m Idh2.F GGAGAAGCCGGTAGTGGAGAT
m Idh3.R GGTCTGGTCACGGTTTGGAA
m Idh3a.F CCCATCCCAGTTTGATGTTC

(Continues)
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The X-ray source was set to a current of 160 μA and a volt-
age of 90 kVp. The field of view was 30 mm × 30 mm for
muscle with a voxel size of 60 μm and 20 mm × 20 mm,
and voxel size was 40 μm, for bone. The animals received
isoflurane anaesthesia (2.5%) to immobilize them during
scanning. Following scanning, image segmentation was
performed semi-automatically using the Volume Edit tools
within the analysis software package (AnalyzeDirect,
Overland Park, KS, USA). Briefly, segmentation masks (object
maps) were created using a combination of semi-automatic
and manual techniques (object extraction, region growing,
and thresholding tools). These segmentation results were
then manually modified if necessary and quantified using
the ROI tools.

Protein expression by immunoblotting

Frozen muscles were pulverized with pestle and mortar and
solubilized in 50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM
MgCl2, 1 mM DTT, 10% glycerol, 1% SDS, 1% Triton X-
100, 1X Roche Complete Protease Inhibitor Cocktail, and

1X Sigma-Aldrich Phosphatase Inhibitor Cocktails 1 and 3.
Proteins were denatured in Laemmli buffer and resolved
on 10% SDS-PAGEs prior to immunoblotting and probing
with antibodies and the SuperSignal West Pico Chemilumi-
nescent substrate (Pierce). Details of antibodies are given
in Table 1.

Quantitative polymerase chain reaction

Fifty to 100 mg of tissue was solubilized in TRIzol (Fisher)
using a tissue homogenizer. Total RNA was prepared using
the RNeasy Mini Kit (Qiagen, Manchester, UK). Five micro-
grams of RNA were reverse-transcribed to cDNA with Super-
Script II Reverse Transcriptase (Invitrogen) and analysed by
quantitative real-time RT-PCR on a StepOne Plus cycler, using
the Applied Biosystems SYBR-Green PCR Master Mix. Primers
were designed using the software Primer Express 3.0 (Applied
Biosystems). Relative expression was calculated using the
ΔΔCt method and normalized to cyclophilin-B and
hypoxanthine-guanine phosphoribosyltransferase. Primer se-
quences are given in Table 1.

Table 1 (continued)

qPCR primers sequence

SequenceOligo name

m Idh3a.R ACCGATTCAAAGATGGCAAC
R.mPGC1A.F AACCACACCCACAGGATCAGA
R.mPGC1A.R TCTTCGCTTTATTGCTCCATGA
m Mvk. F GGGACGATGTCTTCCTTGAA
m Mvk.R GAACTTGGTCAGCCTGCTTC
m Srebf1.F GATCAAAGAGGAGCCAGTGC
m Srebf1.R TAGATGGTGGCTGCTGAGTG
m Srebf2.F GGATCCTCCCAAAGAAGGAG
m Srebf2.R TTCCTCAGAACGCCAGACTT
R_mCD36.F AGATGACGTGGCAAAGAACAG
R_mCD36.R CCTTGGCTAGATAACGAACTCTG
R_mSlc25a20.F CAACCACCAAGTTTGTCTGGA
R_mSlc25a20.R CCCTCTCTCATAAGAGTCTTCCG
R_mACADL.F TGCCCTATATTGCGAATTACGG
R_mACADL.R CTATGGCACCGATACACTTGC
R_mFabp3.F ACCTGGAAGCTAGTGGACAG
R_mFabp3.R TGATGGTAGTAGGCTTGGTCAT
R_mDmd.F ACTCAGCCACCCAAAGACTG(20)
R_mDmd.R TGTCTGGATAAGTGGTAGCAACA
R_mCol4a1.F GGCCCCAAAGGTGTTGATG(19)
R_mCol4a1.R CAGGTAAGCCGTTAAATCCAGG
m Hsp10.F CTGACAGGTTCAATCTCTCCAC
m Hsp10.R AGGTGGCATTATGCTTCCAG
m Clpp.F CACACCAAGCAGAGCCTACA
m Clpp.R TCCAAGATGCCAAACTCTTG
m IL6.F GGTGACAACCACGGCCTTCCC
m IL6.R AAGCCTCCGACTTGTGAAGTGGT
m IL18.F GTGAACCCCAGACCAGACTG
m IL18.R CCTGGAACACGTTTCTGAAAGA
m Phb.F TCGGGAAGGAGTTCACAGAG
m Phb.R CAGCCTTTTCCACCACAAAT
m Phb2.F CAAGGACTTCAGCCTCATCC
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Satellite cell culture

Single fibres from EDL were isolated using 0.2% collagenase I
in Dulbecco’s modified Eagle’s medium and either fixed in 2%
paraformaldehyde or cultured for 24, 48, and 72 hr as previ-
ously described.29

Bone scanning

Tibial samples were scanned and analysed by μCT; 180° scans
were performed on a Skyscan 1172F μCT scanner (Skyscan,
Kontich, Belgium); the X-ray source was operated at 50 kV
and 200 uA, a 0.5 aluminium filter was used with a 1650 ms
exposure time and a pixel size of 5 μm. Projection images
were reconstructed into tomograms using NRecon (Skyscan,
Kontich, Belgium), and regions of interest were analysed
using CTAn (Skyscan, Kontich, Belgium).

Trabecular analysis
The reconstructed datasets were re-oriented in Dataviewer
(Skyscan, Kontich, Belgium) so that the long axis of the
bone ran along the Y-axis, which allowed the tibial length
to be measured in CTAn. The reference point for trabecular
analysis was the disappearance of primary spongiosa bone
and the appearance of the secondary trabecular bone in
the centre and subjacent to the epiphyseal growth plate.
The volume of interest for trabecular analysis was set as
5% of the tibial length from this reference point down
the diaphysis. This volume of trabecular bone was selected
using CTAn and then analysed using CTAn BatMan
software.

Cortical analysis
The reference point for cortical analysis was set as the mid-
point of the diaphysis, and then a volume of interest was
selected 0.25 mm in either side of this point, ensuring to re-
move any trabecular bone within the tomograms. Cortical
regions were selected using CTAn and then analysed using
CTAn BatMan software.

Statistical analysis

Data are presented as mean ± SE. Data normal distribution
were checked by the D’Agostino-Pearson omnibus test. Sig-
nificant differences between two groups were performed by
the Student’s t-test for independent variables. Differences
among groups were analysed by one-way analysis of vari-
ance followed by Bonferroni’s multiple comparison tests or
the non-parametric Kruskal–Wallis test followed by the
Dunn’s multiple comparisons as appropriate. Statistical anal-
ysis was performed on GraphPad Prism 5 (La Jolla, USA).
Lifespan, onset of neurological phenotypes, and body
weight decline were statistically analysed with the survival
curve analysis using the product limit method of Kaplan

and Meier with Log-rank Mantel-Cox test in GraphPad
Prism. Differences were considered statistically significant
at P < 0.05.

Results

Characterization of skeletal muscle in the Ercc1Δ/�

progeroid mouse

We first characterized the muscle phenotype of Ercc1Δ/�

progeroid mice. It is important to mention that a number of
studies have established that the initial development of
Ercc1Δ/� mice in a uniform FVB/C57Bl6 F1 hybrid genetic
background is normal.20 After birth, mice are progressively af-
fected leading to accelerated appearance of numerous fea-
tures of ageing.22 Therefore, we decided to investigate
muscle from Ercc1Δ/� male mice at the age of 16 weeks,
when mice show numerous signs of ageing, but before the
onset of premature mortality.20 At this time, all muscles ex-
amined from Ercc1Δ/� mice were significantly smaller com-
pared with control animals (ranging from 40% to 60% of
normal mass; Supporting Information Figure S1A). Surpris-
ingly, even though the muscle mass was decreased, the num-
ber of fibres was increased in Ercc1Δ/� EDL (significantly) and
soleus muscles (not-significant) (Figure S1B). The muscle from
the progeric mice had significantly more fibres with centrally
located nuclei than controls (Figure S1C). Fibre size analysis
showed decreases in the cross-sectional area across most my-
osin heavy chain (MHC) isoforms in muscles with differing
contraction properties [EDL, soleus and tibialis anterior (TA)]
of Ercc1Δ/� mutants (Figure S1D–S1G). There was no evident
trend for changes in size in relation to the MHC isoform. Ev-
ery muscle examined displayed a decrease in the number of
fibres expressing the slower forms of MHC and a concomitant
increase in the fast fibre population, except for MHCIIa and
MHCIIb in the superficial portion of the TA (Figure S1H–S1J).
We examined the whole muscle for its metabolic status by
profiling the proportion of fibres displaying high levels of suc-
cinate dehydrogenase (SDH) activity, an indicator of oxidative
phosphorylation. These experiments revealed that Ercc1Δ/�

EDL and soleus muscles contained a lower proportion of oxi-
dative fibres compared with controls (Figure S1K).

We next examined features of individual fibres. The number
of satellite cells (SC) on EDL fibres from Ercc1Δ/� animals was
reduced to 50% or less of the normal value (Figure S1L). Fur-
thermore, Ercc1Δ/� SC were unable to follow the normal pro-
liferation and differentiation programmes and displayed a
deficit in the proportion of myogenin-positive cells and an in-
crease in the number of cells expressing Pax7 (Figure S1M).
These results show that both the muscle fibre and satellites
cells show quantitative and qualitative features associated
with extreme ageing.
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The activin ligand trap increases body organismal
activity and strength

We determined whether the age-related reduced muscle
mass in Ercc1Δ/� mutants could be prevented by the sActRIIB
protein, which we have shown to antagonize signalling medi-
ated by myostatin and related proteins.26 To that end, male
Ercc1Δ/� mice were IP injected twice a week with sActRIIB
from 7 weeks of age till week 16. Mock-treated Ercc1Δ/� mu-
tants showed no overall body mass gain in 8 weeks, whereas
both control and Ercc1Δ/� animals treated with sActRIIB
displayed weight increases of 37% and 18%, respectively
(Figures 1A, S2A, and S2B).

Using activity cages, we found that sActRIIB-treated
Ercc1Δ/� mice were more active than both their mock-treated
counterparts and control mice (Figure 1B and Movie S1).
Treatment of Ercc1Δ/� mice with sActRIIB increased the dis-
tance travelled compared not only with untreated mice but
also with control animals (Figure 1C and Movie S1). Total

rearing counts and rearing time, measures of locomotor ac-
tivity as well as exploration and anxiety, were highest in con-
trol mice and significantly reduced in Ercc1Δ/� mice. sActRIIB
treatment increased these values compared with Ercc1Δ/�

but not to normal levels (Figure 1D–1E). Motor coordination,
measured using the Rotarod, showed that Ercc1Δ/� mice at
the age of 16 weeks have significant deficit in this skill, which
was improved, albeit not to normal levels, by sActRIIB (Figure
1F). Muscle function, as assessed using a grip metre, revealed
that progeric mice had reduced strength compared with con-
trol mice. This parameter was significantly improved in
Ercc1Δ/� mutants by sActRIIB (Figure 1G). Ex vivo measure
of specific force revealed a significant deficit in this parameter
in Ercc1Δ/� mutants that was significantly increased by
sActRIIB treatment (Figure 1H). Half-relaxation time was in-
creased in Ercc1Δ/� mutants compared with controls but re-
duced by sActRIIB treatment (Figure 1I).

We determined the circulatory levels of molecules known
to regulate organismal growth and found elevated levels of

Figure 1 sActRIIB treatment mitigates body, whole animal activity, grip strength, losses, and specific force loss in Ercc1Δ/� mice. (A) Relative changes in
body mass over time. Intraperitoneal injection of Ercc1Δ/� with sActRIIB started at week 7 and tissues collected at the end of week 15. Organismal
activity measurements through activity cages. Measurements in (B–E) made at the end of week 14. (F) Rotarod activity. (G) Muscle contraction mea-
surement through assessment of grip strength. (H) Ex vivo assessment of EDL-specific force. (I) Half relaxation time for the EDL. Levels of (J) growth
hormone, (K) glucose, (L) insulin, and (M) insulin-like growth factor-1 at beginning of week 15. (N) Food intake and (O) relative food intake at the
end of week 15. n = 6 control male mice, n = 5 Ercc1Δ/� untreated male mice, and n = 5 Ercc1Δ/� treated male mice. All analysis performed using
non-parametric Kruskal–Wallis test followed by the Dunn’s multiple comparisons except (J) where one-way analysis of variance followed by
Bonferroni’s multiple comparison tests was used. *P < 0.05, **P < 0.01, ***P < 0.001. EDL, extensor digitorum longus; IGF-1, insulin-like growth fac-
tor-1; sActRIIB, soluble activin receptor type IIB.
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GH in both untreated and sActRIIB treated Ercc1Δ/� mutants
(Figure 1J), likely as previously noted feedback mechanism in
response to prolonged low IGF-1.2 Indeed, levels of blood

glucose, serum insulin, and IGF-1 were decreased in Ercc1Δ/
� mutants as compared with controls, and none of these fac-
tors were changed in response to sActRIIB treatment (Figure

Figure 2 Quantitative and qualitative improvements to Ercc1Δ/� skeletal muscle through sActRIIB treatment. (A) Muscle weight at end of week 15. (B)
Muscle mass normalized to tibial length. (C) Micro-computed tomography scan of hind limb to visualize the increase in muscle upon sActRIIB treatment
in Ercc1Δ/� mice. (D–G) Cross-sectional fibre areas assigned to specific myosin heavy chain isoforms. (H) Fibre number increased in EDL and soleus of
Ercc1Δ/� mice and further increased following treatment. (I) Incidence of damaged fibres following single fibre isolation. (J) Example of micro-tear (ar-
rows) in an Ercc1Δ/� EDL fibre. (K) Fibres containing caspase 3 epitope as a percentage of all EDL and soleus fibres. (L) Percentage of fibres with cen-
trally located nuclei in the EDL and soleus. (M) Quantification of hyper-stained SDH fibres. (N) SDH in control muscle and (O) Ercc1Δ/� muscle showing
hyper-stained fibres (arrows). (P) Quantification of DHE fluorescence in TA muscle fibres. (Q) Control TA fibres with little DHE fluorescence in the body
of control fibres. (R) Ercc1Δ/� TA fibres with elevated DHE fluorescence in the body of control fibres. (S) Treated Ercc1Δ/� TA fibres with little DHE fluo-
rescence in the body of fibres. n = 9 control male mice, n = 8 Ercc1Δ/� untreated male mice, and n = 8 Ercc1Δ/� treated male mice. Scale for single fibre
50 μm, SDH 100 μm and DHE 20 μm. One-way analysis of variance followed by Bonferroni’s multiple comparison tests. *P < 0.05, **P < 0.01,
***P < 0.001. DHE, dihydroethidium; EDL, extensor digitorum longus; sActRIIB, soluble activin receptor type IIB; SDH, succinate dehydrogenase;
TA, tibialis anterior.
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1K–1M). Food intake of Ercc1Δ/� mutants, relative to body
weight, was higher than control mice, but unaffected by
sActRIIB treatment, excluding indirect effects of diet

restriction for which Ercc1Δ/� mice are very sensitive (Figure
1N–1O).23 Water intake was not affected by the treatment
(data not shown).

Figure 3 sActRIIB induces fast and glycolytic transformation of Ercc1Δ/� muscle. (A) MHC profile of EDL muscle. (B–D) EDL MHCIIA/IIB fibre distribution
in the three cohorts, controls, Ercc1Δ/�, and Ercc1Δ/� treated with sActRIIB. (E) SDH-positive and -negative fibre profile of EDL muscle. (F–H) SDH stain
in the three cohorts. (I) Quantification of EDL capillary density. (J–L) Identification of EDL capillaries with CD-31 in the three cohorts. Quantitative PCR
profiling of (M) angiogenic genes, (N) PGC1α, (O) mitochondrial genes, and (P) regulators of fat metabolism. n = 8 for all cohorts. Scale for SDH 100 μm
and CD31 50 μm. One-way analysis of variance followed by Bonferroni’s multiple comparison tests used in all data sets except (E) where non-paramet-
ric Kruskal–Wallis test followed by the Dunn’s multiple comparison was used. *P < 0.05, **P < 0.01, ***P < 0.001. EDL, extensor digitorum longus;
MHC, myosin heavy chain; SDH, succinate dehydrogenase; sActRIIB, soluble activin receptor type IIB.
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Quantitative and qualitative improvements to
skeletal muscle through soluble activin receptor
type IIB treatment

Previous work has shown that sActRIIB treatment increases
muscle mass. The increased body weight and grip strength
of Ercc1Δ/� mice subjected to sActRIIB prompted us to fur-
ther examine individual muscles. Treated Ercc1Δ/� mice re-
vealed that all five groups showed significant greater mass
compared with those from mock-treated Ercc1Δ/� animals
with a range of 30–62% (TA and plantaris, respectively; Figure
2A–2C). Activation of signalling pathways initiated through
ActRIIB and relevant to this study was found to be elevated
in the muscle of Ercc1Δ/� mice and decreased by sActRIIB
treatment (Figure S3A). Importantly, the abundance of DNA
breaks was not changed by sActRIIB treatment (Figure S3B).
Furthermore, sActRIIB failed to increase the mass of any
other organ examined including the heart, kidney, and liver
(Figure S2C and S2D). We explored the mechanisms underly-
ing the increase in muscle mass following sActRIIB treatment
of Ercc1Δ/� mice. Introduction of sActRIIB induced fibre hy-
pertrophy irrespective of MHC expression (Figure 2D–2G).
Of particular note was the finding that some types of fibres
in the sActRIIB-treated Ercc1Δ/� muscles were significantly
larger than even in controls (see MHCI and IIA in soleus;
Figure 2E). The total fibre number in EDL was elevated in
Ercc1Δ/� mutants and maintained by sActRIIB (Figure 2H). A
similar trend was found in the soleus (Figure 2H). Of particu-
lar note was the observation of a large proportion of fibres
with micro-lesions (including tears to the membrane) isolated
from the EDL muscle from Ercc1Δ/� animals, which appeared
largely normalized by sActRIIB (Figure 2I and 2J). Caspase-3
activity as a gauge of apoptosis was significantly elevated in
muscle of Ercc1Δ/� mice and largely normalized by treatment
with sActRIIB (Figures 2K and S3C). The number of fibres
displaying centrally located nuclei was elevated in both the
EDL and soleus muscles from Ercc1Δ/� mice compared with
controls and became even more abundant following sActRIIB
treatment (Figures 2L and S3D). The fibres showing supra-
normal levels of SDH activity, indicative of abnormal mito-
chondrial activity that leads to apoptosis,30 were significantly
more frequent in both the EDL and soleus of Ercc1Δ/� mice
compared with treated mutants (Figure 2M–2O). Assessment
of ROS activity through DHE intensity showed elevated levels
of superoxide in muscle of Ercc1Δ/� animals, which was
lowered by sActRIIB treatment although it did not reach the
level of control mice (Figure 2P–2S).31,32

Myosin heavy chain, oxidative fibre profiling,
vascular organization, and molecular metabolic
analysis of skeletal muscle

Myosin heavy chain analysis revealed that the progeric mus-
cle displayed a faster profile compared with control muscles

(Figure S1H–S1J). Treatment of progeric animals with sActRIIB
resulted in a shift towards an even faster MHC profile. This
was particularly pronounced in the EDL, with an increase in
the proportion of type IIB fibres at the expense of both types
IIA and IIX (Figure 3A–3D).

To examine the metabolic status of the sActRIIB-treated
muscle, we determined the SDH activity. In both the EDL
and the soleus, the number of SDH-positive fibres was de-
creased in the progeric mice compared with controls (Figures
3E–3H and S3E). Introduction of sActRIIB treatment further
decreased the number of SDH+

fibres and, at the same time,
increased the number of SDH� entities in the EDL (Figure 3E–
3H). Similar changes were also recorded in the soleus (Figure
S3E). Therefore, the sActRIIB treatment further reduces the
status of the already diminished oxidative character of
Ercc1Δ/� muscles. Subsequently, we investigated whether
changes in the muscle metabolic profile wrought by sActRIIB
also induced a remodelling of the vasculature. The capillary
density profile indeed showed that the number of blood ves-
sels serving each fibre was lower in Ercc1Δ/� mice (albeit non-
significantly) and further decreased following sActRIIB treat-
ment (Figure 3I–3L). These changes were underpinned by de-
creases in the expression of three genes examined that
control the development of blood vessels (Figure 3M). Ex-
pression of PGC1α, a key regulator of oxidative properties in
muscle, was slightly lower in muscle from Ercc1Δ/� mice com-
pared with controls and was even more suppressed following
sActRIIB treatment (Figure 3N). The changes in genes
supporting the development of blood vessels were mirrored
by mitochondrial transcript levels. qPCR analysis of eight
genes important for the mitochondrial metabolism revealed
that seven had decreased expression in Ercc1Δ/� muscles in-
duced by sActRIIB treatment (Figure 3O). We also investi-
gated genes that control fat metabolism. All seven genes
examined were significantly reduced in expression by
sActRIIB (Figure 3P).

Therefore, the attenuation of signalling through sActRIIB
results in the patterning of muscle towards a fast contracting
status, which has a paucity of oxidative fibres and supporting
blood vessels underpinned by changes in the expression of
genes that control capillary development and sustain aerobic
metabolism.

Ultrastructure and mitochondrial characterization
in muscle

The ultrastructure of skeletal muscle in the three cohorts was
examined using transmission electron microscopy. Numerous
abnormalities were evident in the muscle from Ercc1Δ/� mice
including heterogeneous Z-line lengths, missing Z-lines,
misaligned Z-lines, split sarcomeres, and large inter-
sarcomeric spaces compared with controls (Figure 4A, 4B,
4D, 4E, 4G, and 4H). These abnormalities were largely absent
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in muscle from Ercc1Δ/� mice treated with sActRIIB (Figure
4C, 4F, and 4I). Quantification of mitochondria density re-
vealed a decrease in this parameter both within the fibre (sar-
comeric region) and directly under the sarcolemma (Figure 4J
and 4K). Of special note was the alteration (swelling) of mito-
chondria both within the fibre and immediately under the
sarcolemma (Figure 4H). Quantification of mitochondrial size
showed enlargement in the muscle from Ercc1Δ/� mutants,
which was reduced by the treatment with sActRIIB (Figure
4L and 4M). Mitochondrial hypertrophy has been shown to
be a protective response to a decrease in mitochondrial func-
tion or number or an indicative excessive fusion.33–35 It is
thought to promote mitochondrial survival by up-regulating
a stress response programme. Indeed, we found that there
was an increase in the expression of key genes involved in
the mitochondrial unfolded protein response (UPRMT) path-
way in the muscle from Ercc1Δ/� mice (Figure 4N). We also
examined the levels of inflammatory and prohibitin genes,
which support mitochondrial function of ensuring correct
folding of the cristae.36 Expression of IL6 and IL18 as well as
two key prohibitin genes (Phb and Phb2) appeared slightly el-
evated in the muscle of Ercc1Δ/� mice (Figure 4O and 4P).
Treatment of Ercc1Δ/� mice with sActRIIB generally
prevented these changes (Figure 4A–4P). Lastly, we examined
whether muscle harboured epigenetic modifications involved
in the maintenance of heterochromatin that change with
age.37,38 The ageing process causes a decrease in the level
of H3K9me3 but an increase in H4K20me3.39 H3K9me3 was
decreased, and H4K20me3 increased in Ercc1Δ/� animals in
keeping with an age-related change (Figure 4Q and 4R). Both
features were normalized following sActRIIB treatment
(Figure 4Q and 4R).

These results demonstrate subcellular defects in the
Ercc1Δ/� muscle and the expression of genes indicative of on-
going stress. sActRIIB treatment prevented the development
of many of these abnormal features.

Connective tissue profiling

Skeletal muscle force transmission relies on proteins that link
the contractile apparatus to the extra cellular matrix (ECM).
We examined two of its components and determined how
they were modified by the Ercc1Δ/� genotype and thereafter
by sActRIIB treatment. First, we examined the expression of
dystrophin, a key intercellular component that links the cyto-
skeleton to the ECM. Its RNA expression was decreased in the
Ercc1Δ/� muscle, which was subsequently increased to levels
greater than controls by sActRIIB (Figure 5A). We measured
the amount of dystrophin specifically located between fibres
using quantitative immuno-fluorescence and confirmed its
reduction specifically at this site in the Ercc1Δ/� muscle
compared with controls and was significantly increased by
sActRIIB (Figure 5B and 5D). Thereafter, we examined

Figure 4 sActRIIB prevents Ercc1Δ/� muscle ultrastructural abnormalities
and supports normal levels of expression of key stress indicators. All Elec-
tron microscopy (EM) longitudinal image and quantitative measurements
are from the bicep muscle. (A) Low-power image of control muscle. (B)
Low-power image of Ercc1Δ/� muscle. Note large spaces (black arrow-
heads), non-uniform sarcomere width (red arrows), dilated sarcomeric
mitochondria (red arrowheads), split sarcomere (black arrow), and
disrupted M-Line (blue arrow). (C) Low-power image of sActRIIB-treated
Ercc1Δ/� muscle. (D) Higher magnification of sarcomeric region of control
muscle showing uniformly sized mitochondria (black arrows). (E) Enlarged
mitochondria in sarcomeric region of Ercc1Δ/� muscle (blue arrowhead)
and absent (blue arrow) or faint Z-line (black arrow). (F) Higher magnifi-
cation of sarcomeric region of treated Ercc1Δ/� mice showing smaller sar-
comeric mitochondria (black arrows). (G) Sarcolemma region of control
muscle showing compact mitochondria (red arrowhead). (H) Dilated (blue
arrowhead) and aberrant mitochondria (blue arrow) in sub-sarcolemma
region of Ercc1Δ/� muscle. (I) Sarcolemma region of treated Ercc1Δ/�

mice showing compact mitochondria (red arrowhead). (J, K) Sarcomeric
(intrafusal) and sub-membrane mitochondrial density measurements.
(L, M) Sub-membrane and sarcomeric (intrafusal) mitochondrial size mea-
surements. (N) Expression of mitochondria unfolded protein response
gene in gastrocnemius muscle. (O) Expression of inflammatory genes in
gastrocnemius muscle. (P) Expression of prohibitin genes in gastrocne-
mius muscle. (Q) Quantification of EDL fibres expressing H3K9me3 and
(R) H4K20me3. EM studies n = 6–7 for all cohorts. All other measures
n = 8–9 for all cohorts. Non-parametric Kruskal–Wallis test followed by
the Dunn’s multiple comparisons used in (N, O) and the rest with one-
way analysis of variance followed by Bonferroni’s multiple comparison
tests. *P < 0.05, **P < 0.01. EDL, extensor digitorum longus; sActRIIB,
soluble activin receptor type IIB.
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expression of collagen IV as basement membrane component
important for force transmission. Its expression was slightly
decreased albeit not reaching statistical significance in
Ercc1Δ/� muscle (Figure 5C). However, sActRIIB caused its
level to increase over both untreated Ercc1Δ/� and control
levels (Figure 5C). Collagen IV gene expression levels
were reflected at the protein level at the myofibre surface
(Figure 5E).

Mechanisms underlying fibre size changes

To explore mechanisms regulating muscle mass, we investi-
gated changes in anabolic and catabolic programmes. Surpris-
ingly, levels of phosphorylated Akt (an inducer of anabolism)
appeared elevated in the muscle from 16-week-old mock-
treated Ercc1Δ/� mice (Figure S4A). Next, we examined
downstream targets of pAkt and found that there was a slight
decrease in the phosphorylation of 4EBP1 at Thr37/46 but
none at Ser65 (Figure S4B). However, there was an elevated
level of phosphorylation at another pAkt target, S6 (Figure
S4C). The effect of sActRIIB on the anabolic programme of
Ercc1Δ/� muscle showed a general increase in the level of
pAkt, as well as its two downstream targets, 4EBP1 and S6,
relative to both mock-treated Ercc1Δ/� and control groups
(Figure S4A–S4C). Thereafter, we probed the catabolic pro-
gramme and found that activity of FoxO1 and FoxO3a, key
regulators of both ubiquitin-mediated protein breakdown
(FoxO1 significantly, FoxO3a not so), was generally decreased
in the muscle from Ercc1Δ/� mice (Figure S4D and S4E), even
to a level exceeding controls. Expression of both MuRF1 and
Atrogin-1 downstream targets of FoxO1 and FoxO3a were el-
evated at the RNA level in the muscle of Ercc1Δ/� mice (Fig-
ure S4I and S4J). The LC3 autophagy activity was suppressed
compared with controls (Figure S4F). Treatment with sActRIIB
caused an elevation in the levels of inactive FoxO1 and
FoxO3a (Figure S4D and S4E) and a decrease in the expres-
sion of MuRF1 but, surprisingly, not Atrogin-1 (Figure S4I
and S4J). Expression of Mul1, a key regulator of mitophagy,40

did not differ in the three groups (Figure S4K). Significantly,
we found an increase in the level of autophagy gauged by
the LC3II/I ratio and levels of p62 following sActRIIB treat-
ment (Figure S4F and S4G). We quantified the presence of
p62 puncta, which has been used as an indicator of autopha-
gic flux, with an increase in the numbers of p62 puncta imply-
ing a decrease in autophagic activity.41 The number of p62
puncta per given area were higher in Ercc1Δ/� EDL muscle
compared with controls, and their levels were reduced by
sActRIIB treatment (Figure S4L and S4M). Treatment of
Ercc1Δ/� mice with sActRIIB resulted in a non-significant in-
crease in the amount of active eIF2a, a key regulator of the
endoplasmic reticulum UPR (UPRER) programme (Figure
S4H). At the organismal level, we found that the rate of pro-
tein synthesis was elevated (but not to significant levels) in
Ercc1Δ/� mice and further elevated by sActRIIB treatment
(Figure S4N). The abundance of ubiquitinated proteins was el-
evated in the muscle of Ercc1Δ/� mice but reduced by
sActRIIB treatment (Figure S4O).

These results reveal novel characteristics considering the
changes in muscle mass in the progeric mice. The muscle of
Ercc1Δ/� mice activates both its protein synthesis pathway
and has elevated gene expression of molecules that control
protein breakdown. However, autophagy is blunted. Treat-
ment of Ercc1Δ/� with sActRIIB results in an increase in the

Figure 5 Normalization of Ercc1Δ/� extracellular components by sActRIIB
and differentiation and self-renewal of its satellite cells. (A) Dystrophin
gene expression measured by quantitative PCR (qPCR). (B) Measure of
dystrophin in fibre-type-specific manner using quantitative immunofluo-
rescence. (C) Measure of collagen IV expression profiling by qPCR. (D) Im-
munofluorescence image for dystrophin expression in EDL muscle. (E)
Immunofluorescence image for collagen IV expression in EDL muscle.
n = 7 for all cohorts. (F) EDL myonuclei count. (G) Quantification of satel-
lite cells on freshly isolated EDL fibres. (H) Quantification of cells on EDL
fibres after 72 h culture. (I) Control, mock-treated Ercc1Δ/�, and
sActRIIB-treated Ercc1Δ/� fibre examined at 72 h for expression of
Myogenin (red) and Pax7 (green). Arrows indicated satellite cell progeny.
(J) Quantification of EDL differentiated (Pax7�/Myogenin+) vs. stem cell
(Pax7

+
/Myogenin

�
) after 72 h in culture. Fibres collected from three mice

from each cohort and minimum of 25 fibres examined. Scale 50 μm. Non-
parametric Kruskal–Wallis test followed by the Dunn’s multiple compari-
sons used for (A–C). Rest of data was analysed using one-way analysis of
variance followed by Bonferroni’s multiple comparison tests. *P < 0.05,
**P < 0.01, ***P < 0.001. EDL, extensor digitorum longus; sActRIIB, sol-
uble activin receptor type IIB.
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activity of molecules controlling protein synthesis as well as
overall rate of protein synthesis, a decrease in the abundance
of ubiquitinated proteins E3 as well as an increase in key reg-
ulators of autophagy.

Myonuclei and satellite cell profiling

We examined features of individual myofibres to determine
the effect of sActRIIB treatment. The number of myonuclei
in the fibres from the EDL or the number of SC on them

from either PBS- or sActRIIB-treated Ercc1Δ/� mutants was
significantly lower than the number in control mice (Figure
5F and 5G). We then investigated the proliferative capacity
of the SC from the three cohorts and found that, after 72 h
of culture, the population from control fibres had under-
gone a three-fold increase compared with initial numbers.
In sharp contrast, the SC from PBS-treated Ercc1Δ/� mice
failed to undergo any significant proliferation. Importantly,
sActRIIB treatment of Ercc1Δ/� mice resulted in SC being
able to undergo a 2.3-fold increase in number (Figure
5H). Finally, we found that the attenuated differentiation

Figure 6 The prevention of kidney function abnormalities through the maintenance of the filtration barriers by sActRIIB treatment of Ercc1Δ/� mice.
(A) Urine protein measurements at the end of week 14. (B–D) Low and (F–H) high magnification of electron microscopy images of podocytes from
control, mock-treated Ercc1Δ/�, and sActRIIB-treated Ercc1Δ/� mice. Pod indicates the podocyte. (C) Ercc1Δ/� tissue contains autophagosomes (yellow
arrow) and enlarged mitochondria (yellow arrowhead). (D) sActRIIB-treated Ercc1Δ/� mice show some foot process effacement (red arrowheads) but
significant number of mature foot processes (red arrow). (E) Quantification of foot process width. (F) Numerous mature foot processes in control
sample (red arrows). (G) Very few foot processes in Ercc1Δ/� sample but thickened glomerular basement membrane (red arrowheads). (H) Treated
Ercc1Δ/� sample showing numerous mature foot processes (red arrows). (I) Quantification of glomerular basement membrane thickness. (J) Nuclear
size measurements in Nephrin-positive domain. (K) pSmad2/3 profile in control mice (red) in relation to podocytes, identified through Nephrin
expression. (L) Abundant levels of pSmad2/3 (red arrows) in Ercc1Δ/� podocytes. (M) Few pSmad2/3 puncta in sActRIIB-treated Ercc1Δ/� podocytes
(red arrow). n = 8 mice examined for each cohort for (A) and n = 5 mice examined for each cohort for (EM). Analysis performed using non-parametric
Kruskal–Wallis test followed by the Dunn’s multiple comparisons. *P < 0.05, **P < 0.01. sActRIIB, soluble activin receptor type IIB.
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programme of SC from Ercc1Δ/� mice was normalized by
sActRIIB treatment (Figure 5I–5J).

Therefore, sActRIIB treatment mitigates abnormalities in
SC proliferation, differentiation and self-renewal programmes
in Ercc1Δ/� animals. However, it did not normalize the low SC
number found in mock-treated Ercc1Δ/� mice.

Inhibition of glomerular anomalies in Ercc1Δ/� mice
by soluble activin receptor type IIB

Kidney pathology due to mutations in ERCC1 has been re-
ported in both human and mice.2,20 Here, we investigated
the impact of sActRIIB on kidney function and structure. Pro-
teinuria analysis showed a 12-fold elevation in the
albumin/creatinine ratio in urine from Ercc1Δ/� mutants
compared with controls at 16 weeks of age. This measure
was reduced to an elevation of 3.7-fold in the urine of
sActRIIB-treated Ercc1Δ/� mice (Figure 6A). We investigated
the mechanism underlying the proteinuria in Ercc1Δ/� mice
and how it is influenced by sActRIIB by examining the ultra-
structure of the kidney filtration apparatus. Transmission
electron microscopy showed the Ercc1Δ/� podocytes hyper-
trophic, but additionally, they contained numerous abnormal-
ities, including enlarged mitochondria as well as accumulation
of autophagosomes (Figure 6B, 6C, 6F, and 6G,
autophagosomes shown in detail in Figure S5A). The most
prominent feature was the degree of foot process efface-
ment in the Ercc1Δ/� sample, which contrasted the regular
structures found in control samples (Figure 6E–6G). When
foot processes were present, they are significantly broader
in Ercc1Δ/� animals compared with controls (Figure 6E–6G).
Glomerular basement membrane was also significantly
thicker in Ercc1Δ/� kidneys compared with controls (Figure
6F, 6G, and I6). All these features were to a greater degree
normalized following the treatment with sActRIIB (Figure
6B–6I). At the ultrastructural level, enlarged mitochondria
area and accumulation of autophagosomes were completely
prevented (Figure 6D and 6H). Foot processes were evident
(Figure 6H). It should be noted that in some regions, they ap-
peared normal, whereas in other regions, they are still
broader compared with controls (Figure 6D and 6H). The
thickness of the glomerular basement membrane was signifi-
cantly reduced by sActRIIB treatment compared with mock-
treated progeroid mice but not to normal levels (Figure 6I).
Nuclear size that was enlarged in the glomeruli of Ercc1Δ/�

specimens was maintained at normal dimensions by sActRIIB
(Figure 6J). Finally, we examined whether the impact of
sActRIIB could be through direct antagonism of
myostatin/activin signalling by investigating the distribution
of pSmad2/3 in podocytes. There was very little pSmad2/3
in control glomeruli (Figure 6K). In contrast, abundant
pSmad2/3 was found in nuclei of Ercc1Δ/� podocytes (Figure
6L). Following sActRIIB treatment, the abundance of

pSmad2/3 in Ercc1Δ/� podocytes was reduced compared with
untreated progeroid mice (Figure 6M). However, it was still
more prominent than controls.

These results show that foot process effacement is an un-
derlying cause of proteinuria in Ercc1Δ/kidneys. sActRIIB
treatment not only improved the ultrastructure of the filtra-
tion barrier but significantly also reduced proteinuria.

Impact of soluble activin receptor type IIB on
ageing-related liver Ercc1Δ/� abnormalities

The liver undergoes age-related changes both in humans and
rodent models.21,42,43 The nuclei in the livers of Ercc1Δ/� mice
undergo progressive ageing-related changes including en-
largement, invaginations, and polyploidy. These features have
been interpreted to indicate incomplete cytokinesis.44 We
found that both liver nuclear size and the number of liver
multi-nucleated cells were increased in tissue from Ercc1Δ/�

mice compared with control tissue (Figure 7A and 7B). Treat-
ment of Ercc1Δ/� mice with sActRIIB significantly decreased
both measures (Figure 7A and 7B). Having shown that age-
associated changes in the liver nuclei of Ercc1Δ/� mice were
reduced following treatment with sActRIIB, we examined
whether this was reflected by changes in epigenetic modifica-
tion involved in the maintenance of heterochromatin.37,38

Previous work has shown that levels of H3K9me3 are down-
regulated during ageing,39 and here too, we found such a
relationship (Figure 7C). In contrast, ageing results in an in-
crease in H4K20me3 marks. Here, we saw extensive levels
of H4K20me3 in the liver of Ercc1Δ/� and surprisingly of con-
trol mice (Figure 7D and 7G). Strikingly, the H4K20me3 marks
were essentially absent in livers of Ercc1Δ/� mice treated with
sActRIIB (Figure 7D and 7G). Oxidative stress is one of the key
drivers that induce age-related changes in the liver.45 Again,
we deployed the DHE dye to gauge the level of superox-
ide.31,32 Superoxide levels were elevated in the liver samples
of both Ercc1Δ/� and control mice, compared with treated
Ercc1Δ/� mice (Figure 7E and 7H). Next, we profiled the met-
abolic activity of the liver as it is known to undergo a de-
crease in the level of oxidative phosphorylation with
ageing.21,46 In agreement with the work by Gregg et al. on
Ercc1Δ/� livers, we found a decrease in four of the six genes
linked to oxidative phosphorylation (Figure 7F).21 Expression
of five genes was significantly increased by sActRIIB treat-
ment relative to their levels in mock Ercc1Δ/� animals (Figure
7F). Lastly, we determined whether the effects of sActRIIB on
the livers of Ercc1Δ/� mice were mediated by direct antago-
nism of myostatin/activin signalling. Profiling of pSmad2/3
showed that there was no activity in the parenchyma of the
livers of the three cohorts (Figure S5B). Only a few
pSmad2/3-expressing cells were found adjacent to smooth
muscle in all three cohorts (Figure S5B).
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Figure 7 sActRIIB prevents the development age-related liver abnormalities and osteoporotic phenotype in Ercc1Δ/�. (A) Measure of liver nuclear size.
(B) Profile frequency of multinucleated liver cells. (C) Frequency of H3K9me3-positive liver cells. (D) Frequency of H4K20me3-positive liver cells. (E)
Quantification of DHE fluorescence to gauge superoxide levels. (F) Quantitative PCR profiling of mitochondrial gene expression. (G) Immunofluores-
cence images for H4K20me3 distribution in the three cohorts. (H) DHE intensity levels in the three cohorts. (I) Trabecular bone volume measurements.
(J) Trabecular tissue volume measurements. (K) Trabecular bone to tissue volume ratios. (L) Trabecular separation indices. (M) Enumeration of
trabeculae. (N) Degrees of trabecular anisotrophy. (O) Trabecular pattern factor as a quantification of bone architecture. (P) Structure model index.
(Q) Measure of cortical bone volume. (R) Cortical tissue volume measure. Trabecular bone volume measurements. n = 8 for all animals in (A–H)
and n = 6 control male mice, five Ercc1Δ/�-untreated male mice, and six Ercc1Δ/�-treated male mice in other experiments. One-way analysis of variance
followed by Bonferroni’s multiple comparison tests used for (A–F) and non-parametric Kruskal–Wallis test followed by the Dunn’s multiple comparisons
for (I–R). *P < 0.05, **P < 0.01, ***P < 0.001. DHE, dihydroethidium; sActRIIB, soluble activin receptor type IIB.
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These results show that antagonism of myostatin/activin
signalling leads to profound normalization of Ercc1Δ/� liver
cell nuclear structure, selective epigenetic modification of
DNA and changes in gene expression indicative of increased
oxidative phosphorylation and a reduction in superoxide
levels.

Prevention of the osteoporotic phenotype in
Ercc1Δ/� mice by soluble activin receptor type IIB

Micro-CT analyses revealed that Ercc1Δ/� mice exhibit a pre-
mature ageing-related osteoporotic phenotype with extreme
differences in trabecular and cortical bone mass and architec-
ture compared with control mice. In the trabecular compart-
ment, there was a significant reduction in bone volume,
tissue volume, bone volume/tissue volume, trabecular sepa-
ration, trabecular number, and degree of anisotropy, a mea-
sure of how highly oriented substructures are within a
volume (Figure 7I–7N). Significantly higher trabecular pattern
factor indicating trabecular connectivity and structure model

index a measure of surface convex curvature and an impor-
tant parameter in measuring the transition of
osteoporotic trabecular bone from a plate-like to rod-like ar-
chitecture were also observed in Ercc1Δ/� mice compared
with controls animals (Figure 7O). Cortical bone volume and
tissue volume were significantly lower, further demonstrating
that Ercc1Δ/� mice have an osteoporotic bone phenotype
(Figure 7Q and 7R).

Analysis of trabecular bone revealed significant increase in
bone and tissue volume, bone/tissue volume, and trabecular
number in Ercc1Δ/� sActRIIB-treated mice compared with
mock-treated animals, indicating treatment prevents a de-
crease in the size of the trabecular compartment and the
amount of bone present (Figure 7I–7K). In addition, trabecu-
lar pattern factor was significantly lower in the treated group
compared with mock-treated with levels close to the control
group, showing trabecular connectivity improved upon treat-
ment (Figure 7O). Furthermore, the structure model index
was significantly lower in the treated group, again with
results close to the control group (Figure 7P). Cortical bone
volume and tissue volume were significantly lower in

Figure 8 sActRIIB delays neurological abnormalities in Ercc1Δ/� mice without affecting lifespan. (A, B) Body weight changes of treated (sActRIIB or
mock control) Ercc1Δ/� mice at a second test site (P = 0.07). Intraperitoneal injection started at week 7. (C) Average grip strength of the forelimbs
and all limbs of 4-month-old Ercc1Δ/� mice under mock and sActRIIB conditions. (D) Average time spent on an accelerating rotarod of Ercc1Δ/� mice
on different treatments weekly monitored. (E–G) Onset of neurological abnormalities (F) tremors (P = 0.28), (F) severe tremors (P = 0.0014), and (G)
imbalance (P = 0.021) with age. (H) Survival of sActRIIB-treated and mock-treated Ercc1Δ/� mice (P = 0.27). n = 10 animals per group. Error bars indicate
mean ± SE. Log-rank Mantel-Cox test. *P < 0.05, **P < 0.01, ***P < 0.001. sActRIIB, soluble activin receptor type IIB.
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Ercc1Δ/� mice compared with the control groups, with
treatment significantly lessened the tissue volume and bone
volume decline (Figure 7Q and 7R).

Together, these analyses reveal that sActRIIB treatment
produces tibial architecture changes and prevents a decrease
in trabecular and cortical bone mass in Ercc1Δ/� mice, miti-
gating the premature ageing-related osteoporotic phenotype
observed in this and previous studies.

Long-term effects of soluble activin receptor type
IIB administration to Ercc1Δ/� mice

To confirm the previous results and monitor phenotypical
age-related changes beyond the age investigated so far, we
initiated a second cohort of Ercc1Δ/� mice at another loca-
tion. Treatment regime, regarding timing, dosage, and fre-
quency, was kept identical. Similarly, Ercc1Δ/� mice reached
a higher body weight upon IP injection of sActRIIB as com-
pared with PBS-injected mutant mice (Figure 8A). No
gender-specific response was found in terms of body weight
changes due to sActRIIB treatment of Ercc1Δ/� mice (Figure
S6B). As a consequence of the ageing-associated deteriora-
tion, they all gradually declined with age after reaching their
maximal body weight, which was delayed by sActRIIB admin-
istration (Figure 8B). Simultaneously, in vivo imaging showed
a substantial increase in both muscle and bone volume
(Figure S6A) confirming the robustness of sActRIIB treatment.

All animals from the sActRIIB group had a more vigorous
and lively appearance and showed an improved grip strength
for both the forelimbs and all limbs (Figure 8C). Additionally,
locomotor function, as measured by Rotarod performance,
was significantly improved by sActRIIB over the entire

lifespan, but still declined with age parallel to the mock-
treated mice (Figure 8D).

A prominent ageing feature of these mice is related to neu-
rodegeneration and the onset of several neuro-muscular phe-
notypic changes.22 Longitudinal examination of behavioural
abnormalities showed that the onset of tremors was not de-
layed following sActRIIB treatment but was reduced in sever-
ity (Figures 8E, 8F, and S6C and Table 2). The onset of
imbalance was greatly postponed and frequently absent as
well as the onset of paresis of the hind legs (Figure 8G and
Table 2). Nevertheless, sActRIIB treatment of Ercc1Δ/� mice
did not extend survival of the animals (Figures 8H and S6D).
These results show that attenuating myostatin/activin signal-
ling prolongs health span rather than delaying death.

Discussion

The key findings of this study are, first, that the sarcopenic
programme in the Ercc1Δ/� progeroid mouse model not only
shows many parallels with naturally aged rodent muscle but
also reaches more severe stages and displays several distinc-
tive features. Second, we demonstrate that sarcopenia was
attenuated through the antagonism of myostatin/activin sig-
nalling despite persistent defective DNA repair. Third, we re-
veal that inhibition of myostatin/activin signalling induces
multi-systemic physiological improvements; mice increased
locomotor activity; increased specific force and kidney func-
tion; improved key features of liver biology; mitigated the os-
teoporotic phenotype; and delayed parameters of
neurodegeneration.

Ercc1Δ/� muscle parallels with natural muscle ageing and
pathological muscle diseases.

We first defined the characteristics of muscle in the
Ercc1Δ/� progeroid model in light of previous work and dis-
covered many unexpected features related to muscle compo-
sition rather than in its overall mass. At the quantitative level,
all muscle groups from Ercc1Δ/� mice were much lighter than
control mice, which concords with findings in aged humans
and mouse models.47,48 In addition, our studies revealed nu-
merous qualitative differences between progeroid muscle
and muscle of aged wild-type mice. All MHC fibre types were
smaller in Ercc1Δ/� muscle, and most had undergone a slow
to fast fibre profile shift. These features differ from wild-type
mouse muscle where MHCIIB preferentially undergo aged-
related atrophy,49 and fibres in both humans and rodents un-
dergo a shift from fast to slow.50 We also discovered that the
number of fibres in both EDL and soleus muscles were higher
than controls, which seems counter-intuitive given the overall
loss in muscle mass in Ercc1Δ/� mice. Parallels are invited be-
tween the ostensible hyperplasia in our sarcopenic condition
and the increased fibre numbers seen in myo-pathological
conditions, such as Duchenne muscular dystrophy.51 We sug-
gest that the increased fibre number is due to the abundance

Table 2. sActRIIB administration attenuates progeroid phenotypes of
Ercc1Δ/� mice

Symptoms

Age at onset (weeks)
Change
of onset
(weeks)

# of Ercc1Δ/�

mice
(Mock,
sActRIIB)Mock sActRIIB

Clasping 5.00 4.80 �0.20 (10, 10)
Tremors 11.40 12.10 0.70 (10, 10)
Severe tremors 11.60 16.11 4.51 (10, 9)
Body weight decline 11.80 13.60 1.80 (10, 10)
Kyphosis 17.75 18.15 0.40 (10, 10)
Imbalance 18.95 18.33 �0.62 (10, 3)
Paresis 20.50 18.80 �1.67 (6, 3)

The average age at onset of characteristic progeroid phenotypes in
treated Ercc1Δ/� mice and the difference between the group aver-
ages is shown. The last column indicates the total number of mice
out of 10 per group that displays the phenotype before end of life.
Phenotypes delayed more than 0.5 weeks on average or absent in
mice treated with sActRIIB compared with mock treated Ercc1 Δ/�

mice are indicated in bold. sActRIIB, soluble activin receptor type
IIB.
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of split fibres, a notion supported by our results showing that
muscle from Ercc1Δ/� mutants contains a large proportion of
damaged fibres. Additional findings including the high level of
caspase activity and the decrease in dystrophin and collagen
lead us to propose that the muscle fibres from Ercc1Δ/� mice
have elevated levels of contraction-induced damage which
leads to cellular lesions (splitting) and ultimately results in
fibre death. Fibre apoptosis and necrosis are a common
feature of age-related muscle wasting but not of disuse
atrophy. Indeed, we found that the proportion of dying
fibres was far greater in Ercc1Δ/� muscle than found in aged
wild-type mice.30

The muscle of Ercc1Δ/� mice contains numerous abnormal
fibres (identified through central nucleation) and dying fibres,
but those that seem normal contain subcellular aberrations.
Ultrastructural examination reveals abnormalities in the
organization of the contractile apparatus and the cellular
organelles. Of note, mitochondria were quantitatively and
qualitatively affected by the Ercc1 mutation in muscle. Their
density was decreased both within the fibre as well as under
the sarcolemma where they would support contraction and
membrane-related activities, respectively.52 Furthermore
Ercc1Δ/� muscle mitochondria at both sites were swollen in-
dicative of response to either functional deficit or altered fu-
sion.33,34 Our studies show elevated levels of ROS through
the profiling of DHE activity.53 We therefore suggest that
the Ercc1 mutation in muscle leads to ultimately compro-
mised mitochondrial function, resulting in increased ROS pro-
duction, which may compromise the function of the
contractile apparatus as well as ultimately inducing fibre
death.52

Analysis of key proteins involved in anabolic and catabolic
programmes revealed an interesting landscape. Surprisingly,
Ercc1Δ/� muscle showed elevated levels of Akt activity, one
of two downstream genes (S6) and overall rate of protein
synthesis. The muscle of Ercc1Δ/� mice expressed high levels
of MuRF1 and Atrogin-1 and contained increased levels of
ubiquitinated proteins. Hence, the muscle of Ercc1Δ/� animals
had initiated a programme of protein synthesis yet, at the
same time, was promoting their breakdown, which signifi-
cantly deviates from normal catabolic conditions.54 Although
unusual in the context of normal physiology, these results
agree with other studies of progeroid models that
demonstrate the activation of pathways to limit the effect
of the primary lesion.21 We suggest that in the context of
Ercc1Δ/� muscle, the activation of the protein synthesis
pathway acts to decrease an extremely high rate of muscle
wasting. Nevertheless, the ultimate deregulation of protein
synthesis, proteasome and autophagy pathways in Ercc1Δ/�

muscle, which parallels many disease conditions, culminates
in atrophy.55,56

We also found changes in the number and behaviour of SC
of the Ercc1Δ/� muscle; not only were they fewer in number
but they also displayed an inability to divide following the

isolation of single muscle fibres as well as an attenuated abil-
ity to differentiate. Some but not all these features are
shared by SC from sarcopenic human muscle; SC from
sarcopenic human muscle were shown to be more prone to
activation but not follow through a normal degree of differ-
entiation.57 However, comparisons of outcomes from differ-
ent studies are problematic due to use of differing
experimental systems.

Effects of soluble activin receptor type IIB on
Ercc1Δ/� muscle phenotype

Our study documents the profound effect of antagonizing
myostatin/activin signalling on body and muscle mass as well
as function of Ercc1Δ/� mice. Age-related decreases in all
three parameters were significantly attenuated in the
Ercc1Δ/� mutant by the soluble activin receptor ligand trap.
The difference in the muscle mass between treated vs. un-
treated animals ranged between 30% (TA) and 62%
(plantaris). The changes in muscle mass are extremely im-
pressive and worthy of comparison with the Mstn�/� mu-
tant. The EDL of the Mstn�/� was 60% heavier than the
wild-type counterpart.58 Here, after only 8 weeks of sActRIIB
treatment, the EDL was 45% heavier. The differences in mus-
cle mass between treated and untreated mice are of note
when compared with outcomes that have previously de-
ployed anti-myostatin/activin, non-genetic approaches in
aged mice. One such study showed that the TA of aged mice
underwent an increase of 6%, whereas here, even though it
was the muscle that displayed the smallest increase
nevertheless was 30% heavier than that of mock-treated
Ercc1Δ/� mice.59 These results suggest that activity of
myostatin and/or activin in Ercc1Δ/� mice are considerably
higher than in aged wild-type mice. Importantly, we show
that treatment with sActRIIB did not induce changes in the
circulating levels of either GH, glucose, insulin, or IGF-1.

In this study, we show that muscles of Ercc1Δ/� mice not
only are smaller but contain numerous subcellular and bio-
chemical abnormalities. It is well documented that contractile
force normalized per mass is preserved when muscle un-
dergoes regulated loss in weight.60 Here, we see that
Ercc1Δ/� mice generated only 50% of normalized grip
strength compared with controls but that this value was sig-
nificantly improved by sActRIIB treatment. Abnormal specific
force and relaxation times in the muscle of Ercc1Δ/� muscle,
both features of structure alterations,61 were improved by
sActRIIB treatment. We therefore suggest that sActRIIB not
only prevents muscle from undergoing atrophy but also pre-
vents the subcellular abnormalities. This is clearly evident in
the TEM profiles of skeletal muscle, which show that every
abnormal feature of Ercc1Δ/� muscle (sarcomeres and mito-
chondria) was largely prevented by the action of sActRIIB.
We suggest that at least one key mechanistic driver in this
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process is the activation of the autophagic programme medi-
ated by members of the FoxO family. Thus, we propose that
abnormally low autophagic activity displayed in Ercc1Δ/�

muscle leads to accumulation of p62 puncta and presumably
abnormal mitochondria as well as through hyper-activation of
the UPRMT,62 elevated levels of genes encoding prohibitins
that function to restore organelle function,36 change in the
histone mark profile (down-regulation of H3K9Me3 and up-
regulation of H4K20me3) as well as ROS superoxide levels.
The build-up of ROS causes protein oxidation ultimately
compromising the workings of the contractile apparatus and
leading to a deficit in specific force.63 Our interpretation of
these finding is that sActRIIB treatment of Ercc1Δ/� mice
leads to the activation of autophagy (LC3II/I ratio), which pre-
vents the accumulation of p62 puncta and also abnormally
functioning mitochondria, thus counteracting the need to ac-
tivate either the UPRMT or prohibitin programmes, maintains
a normal profile of histone modification as well as avoiding
the build-up of high levels of ROS, which ultimately translates
in the preservation of organ reserve capacity. We note that
the expression of Mul1, a proposed mitochondrion-specific
U3 ubiquitin ligase, was not affected by the progeroid condi-
tion or following treatment with sActRIIB compared with con-
trols. However, it is worth bearing in mind that numerous
mitochondria targeting U3 ubiquitin ligases have been identi-
fied including PARKIN and that these non-investigated mole-
cules could be executing mitophagy in our experiments.40

However, the concomitant increase in protein synthesis
and autophagy levels in Ercc1Δ/� mice following sActRIIB
treatment remains to be further investigated. In a normal set-
ting, the two processes are antagonistically driven in large
part by FoxO proteins (reviewed in Bonaldo & Sandri56). Here,
we suggest that normal parameters do not operate evi-
denced by the hyper-activation of Akt in Ercc1Δ/� muscle. In-
deed, there is a growing body of evidence for dual activation
of Akt-mediated pathways and autophagy when the normal
landscape of regulation is altered.64 Hyper-activation leading
to initiation of novel signalling pathways and cellular out-
comes is quite a common outcome and has been extensively
studied especially in scenarios of uncontrolled cell division
that underpin the development of many cancers.65,66 Future
studies, beyond the scope of the present investigation, com-
bining gene expression and proteomic platforms are planned
to identify the pathways susceptible to hyper-activation of
Akt. Nevertheless, we propose that the role of autophagy is
in maintaining cellular homeostasis rather than anabolism.26

Effects of soluble activin receptor type IIB
treatment on muscle stem cells and the extra
cellular matrix

Our work identifies novel features of progeroid SC, the resi-
dent stem cell population of skeletal muscle.67 We show that

the number of SC is reduced by the Ercc1mutation and it ren-
ders the cells senescent gauged by their inability to prolifer-
ate following single fibre isolation. They were able to
become activated, judged by their expression of MyoD (data
not shown), and differentiate but did not demonstrate the
normal self-renewal/terminal differentiation physiognomies
following 72 h of culture,68 features shared by counterparts
from geriatric wild-type mice.35 Our results are consistent
with the findings of Lavasani et al. who showed that Ercc1Δ/�

mice have attenuated muscle regeneration following
cardiotoxin injury.16 The subsequent experiments reveal fea-
tures of SC that are plastic with regard to myostatin/activin
signalling. First, we show that sActRIIB was unable to influ-
ence the number of SC in the muscle of Ercc1Δ/� mutants,
which remained abnormally low compared with controls. This
is not altogether surprising as the number of SC is established
approximately a month after birth in mice.69 However,
sActRIIB treatment supported SC division and normal differ-
entiation. We propose that these outcomes are unlikely to
be due to a direct attenuation of myostatin/activin signalling
in SC by sActRIIB as previous studies have shown that they
express very little, if any, ActRIIB.70 Rather, we contemplate
that sActRIIB-induces change in the Ercc1Δ/� myofibre ECM
(shown here by changes in collagen IV expression as well as
dystrophin) that influences the behaviour of their SC. This is
possibly significant given that recent studies have shown that
the behaviour (ability to divide and differentiate) of SC is pro-
foundly influenced by the interaction of collagen molecules
and stem cell receptors.71

Compression of morbidity by soluble
activin receptor type IIB treatment

In this study, we show that antagonism of myostatin/activin
signalling in Ercc1Δ/� mice attenuated the development of
ageing-related changes not only of muscle but rather also of
health overall. Administration of sActRIIB to Ercc1Δ/� mice
improved strength, fitness, and locomotor performance,
delayed the onset and importantly the severity of several
age-related neurological abnormalities, and reduced deterio-
ration of the bones, liver, and kidney.

An issue that needs addressing is how sActRIIB delivers
multi-organ protection against ageing. One possibility is that
myostatin/activin signalling promotes the age-related
changes independently in each organ system examined in
this study and that they are attenuated by systemic delivery
of sActRIIB. This certainly could be the case for the kidney
as we have seen that downstream activation of
myostatin/activin pathways, identified through presence of
pSmad2/3, in tissue from progeric mice were blocked by
sActRIIB. Moreover, numerous studies have shown that acti-
vation of TGF-ß signalling, which can result in the Smad2/3
phosphorylation, is able to induce ‘podocyte disease
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transformation’, an atypical form of epithelial mesenchymal
transition.72 However, we were unable to detect significant
levels of pSmad2/3 in the liver (concordant with the findings
of others73), which nevertheless showed signs of being
protected from the ageing process by sActRIIB. Therefore,
we postulate that sActRIIB may act both directly (e.g. muscle
and kidney) or indirect for other organ systems (e.g. the
liver). For the indirect actions of sActRIIB, it is possible that
the skeletal muscle plays a role promoting the maintenance
and homeostasis of other tissues through inter-organ signal-
ling. It is well known that pathology of skeletal muscle leads
to failure of other organs. For example, rhabdomyolysis in-
duces acute kidney injury in part by the release of myoglo-
bin.74 There are also examples where a malfunctioning
organ leads to myopathy, which in turn exacerbates the pri-
mary lesion. An example has been elegantly assimilated into
the ‘Muscle Hypothesis’ of Chronic Heart Failure.75 Herein,
changes in skeletal muscle structure and function, mediated
by a number of factors including tissue hypoxia and inflam-
mation, lead to hyper-responsiveness of the ergoreflex sys-
tem.76 This leads to over-activation of the sympathetic
nervous system and consequently an increased load on the
ventricles.77 We postulate that severe Ercc1Δ/� muscle
wasting results in the release of myokines and/or intracellular
molecules, which lead to pathological changes in other or-
gans.78 Additionally, we speculate that the normalization of
aged muscle following treatment with sActRIIB may also im-
pact the ergoreflex system. By protecting the muscle against
age-related changes through the action of sActRIIB, we pro-
pose a diminution in the release of harmful factors and pos-
sibly by changes to afferent activity. Support for our notion
for the release of secreted factors comes from an elegant
study that demonstrated transplantation of healthy muscle
stem cells into a progeroid model led to the secretion of fac-
tors, which acted on numerous organs.16 Nevertheless, it is
possible that sActRIIB mediates actions that are independent
of skeletal muscle function. Indeed, it was recently reported
that the same treatment used in our work attenuated hepatic
protein synthesis and splenomegaly in a rodent cachexia
model that were independent of changes in muscle
phenotype.79

We are nevertheless mindful that despite promising results
in rodent models, translation of therapies based on
myostatin/activin antagonists have been, to date, unsuccess-
ful in delivering intended outcomes and others have been
curtained due to safety concerns80,81 and point to the need
to develop a greater understanding of the biological
processes controlled by this signalling axis. A possible means
of alleviating some of the safety issues associated with
myostatin/activin antagonists could be through decreasing
their dose but at the same time harnessing the benefits of
other agents that promote healthy ageing. One attractive
proposition could be to use a combination of
myostatin/activin antagonists and the deployment of the

angiotensin 1–7 hexapeptide. The latter has been shown to
block over active renin-angiotensin signalling, which not only
drives muscle dysfunction but also leads to muscle fibro-
sis.82,83 A recent study showed that angiotensin 1–7 was able
to restore age-related muscle weakness in a rodent model.84

Both the sActRIIB and angiotensin 1–7 are attractive therapeu-
tic molecules because they could be delivered using existing
medical devices such as osmotic mini-pumps.

In conclusion, this dataset highlights a novel mechanism
that attenuates age-related tissues changes. Previous findings
support the notion that an organism slows ageing by remod-
elling its cellular activity from growth and proliferation to
maintenance and repair.2,3,85 This can be achieved by attenu-
ating IGF-1 and GH activity, which controls the somatic
growth axis86,87 and by dietary restriction (DR).88 We have
previously shown that DR delays ageing at the organismal
level and extends lifespan and health span of Ercc1Δ/�

mice.23 These studies advocate that promoting tissue growth
in an ageing model might well be harmful to the organism.
However, we show that a mechanism that promoted growth
of skeletal muscle also promotes overall health span as evi-
denced by activity measurements and tissue structure and
function. We believe that we can reconcile these apparent
discrepancies by examining the defects that underpin the ac-
celerated ageing process in progeroid mice. We have shown
that DNA repair deficiency leads to damage that stalls tran-
scription at least in post-mitotic tissues, which cannot dilute
DNA damage by replication or repair it by replication-
associated repair pathways. As a consequence, the stochastic
nature of DNA damage leads to a preferential loss of long
transcripts.23 Furthermore, DR is able to counteract the tran-
scriptional block by reducing the DNA damage load.23 We
propose that, at least in muscle, the transcriptional landscape
is unaltered by sActRIIB but that enhanced protein synthesis
promoted by sActRIIB can compensate at least in part for
the deficit in long transcripts by increasing the number of
polypeptides from each mRNA molecule. In this model, the
levels of proteins encoded by long genes in Ercc1Δ/� would
be increased by either reduced arrest of gene transcription
due to diminished DNA damage induction (by mechanisms in-
duced by DR) or increased rate of protein synthesis (by
sActRIIB). Future studies again relying on gene expression
and proteomic platforms are planned to test this novel
hypothesis.

In summary, we believe that attenuating myostatin/activin
signalling protects numerous organs including the kidney,
bone, liver, and likely nervous system aswell as skeletal muscle
through a combination of direct and inter-organ signalling pro-
cesses. Although delaying many aspects of ageing, overall
lifespan was not increased by administration of sActRIIB. This
implies that a model where attenuation of myostatin/activin
signalling does not affect the upper limits of lifespan but rather
compresses morbidity, sustaining health until very old
ages.89,90
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Figure S1. Muscle profiling of 16-week old male Ercc1Δ/�

mice. (A) Muscle weights and normalized muscle weights to
tibia length. (B) EDL and soleus fibre number count. (C) Fre-
quency of centrally located nuclei in the EDL and soleus at
16 weeks. (D-G) Muscle fibre cross sectional area in EDL, so-
leus and the deep and superficial regions of the TA in relation
of MHC isoform expression. (H-J) MHC isoform profile of EDL,
deep and superficial regions of the TA. (K) Oxidative fibre
number enumeration through histological SDH activity stain-
ing of the EDL and soleus. (L) Satellite cell and progeny enu-
meration on fresh and cultured EDL for 72 h. (M)
Quantification of proportion of stem cells (Pax7+/Myogenin�)

and differentiated cells (Pax7�/Myogenin+) on EDL fibres af-
ter 72 h culture. n = 6 male mice from each cohort for data
presented in (A-L). Fibres collected from 3mice from each co-
hort and minimum of 25 fibres examined for (M). Students t-
test, * < 0.05, ** < 0.01, ***p < 0.001.
Figure S2. (A-B) Body and (C-D) organ weights from male
control, untreated and sActRIIB treated Ercc1Δ/� mice at
end of 15 weeks age. One-way ANOVA followed by
Bonferronis multiple comparison tests, * < 0.05, ** < 0.01,
***p < 0.001.
Figure S3. Smad2/3 signalling, oxidative fibre number, cas-
pase 3 expression and centrally located nuclei number
changes induced by sActRIIB treatment in Ercc1Δ/� soleus
without impacting on DNA damage. (A) Immunohistology
of pSmad2/3 expression (green) in soleus muscle (yellow ar-
rows). (B) Immunohistology of γH2A.X expression (green) in
soleus muscle (yellow arrows). (C) Immunohistology of Cas-
pase 3 expression in EDL and soleus muscle (red arrows).
(D) H and E staining for the identification of centrally located
nuclei in EDL and soleus muscle (black arrows). Scale for H
and E 40 μm. (E) SDH stain in soleus of the three cohorts.
Scale for SDH 80 μm. N = 8 male mice from each cohort.
One-way ANOVA followed by Bonferronis multiple compari-
son tests, * < 0.05, ** < 0.01, ***p < 0.001.
Figure S4. Western blotting demonstrating that sActRIIB
promotes protein synthesis and autophagy but blunts pro-
teasome protein breakdown in Ercc1Δ/� muscle. Immuno-
blots and densitometry quantification of (A) pAkt, (B)
p4EBPI on Thr37/46 and Ser65, (C) pS6, (D) pFoxO1, (E)
pFoxO3a, (F) LC3II/I, and (G) p62. (H) Densitometry quanti-
fication of eIF2α. (I-K) qPCR quantification of Atrogin-1,
MuRF1, Mul1 expression. (L) Quantification of p62 puncta.
(M) Immunohistology of p62 puncta in the EDL muscle
(green arrows) (N) Densitometry quantification of total pu-
romycin incorporation (protein synthesis rate). (O) Densi-
tometry quantification protein ubiquitination. n = 5 for all
western blots and n = 8 for rest. Non-parametric Kruskal-
Wallis test followed by the Dunns multiple comparisons
used for (A-H and N-O). One-way ANOVA followed by
Bonferronis multiple comparison test used for (I-K).
* < 0.05, ** < 0.01, ***p < 0.001.
Figure S5. (A) Ercc1Δ/� kidney showing autophagosome (ar-
row). (B) Evidence for indirect action of sActRIIB in liver.
pSmad2/3 (green) in relation to smooth muscle actin (red)
in the three cohorts. Note that pSmad2/3 was very sparse
in the three cohorts and when present was located adja-
cent to smooth muscle (arrow).
Figure S6. (A) μCT was used to locate and visualize the in-
crease in muscle and bone volume in Ercc1Δ/� mice follow-
ing sActRIIB treatment. Sex specific characterization of (B)
body weights, (C) onset of sever tremors and (D) survival
in the Dutch cohort. n = 5 for all three cohorts.
Movie S1. Representative film of control, Ercc1Δ/� and
sActRIIB treated Ercc1Δ/� mice at 15 weeks of age.

Myostatin signalling compresses morbidity 683

Journal of Cachexia, Sarcopenia and Muscle 2019; 10: 662–686
DOI: 10.1002/jcsm.12404



Conflict of interest

The authors declare no competing interests.

Ethical statement

The authors certify that they comply with the ethical guide-
lines for publishing in the Journal of Cachexia, Sarcopenia
and Muscle: update 2017.24

References

1. Niccoli T, Partridge L. Ageing as a risk factor
for disease. Curr Biol 2012;22:R741–R752.

2. Niedernhofer LJ, Garinis GA, Raams A, Lalai
AS, Robinson AR, Appeldoorn E, et al. A
new progeroid syndrome reveals that
genotoxic stress suppresses the
somatotroph axis. Nature 2006;444:
1038–1043.

3. Garinis GA, Uittenboogaard LM,
Stachelscheid H, Fousteri M, Van Ijcken W,
Breit TM, et al. Persistent transcription-
blocking DNA lesions trigger somatic
growth attenuation associated with longev-
ity. Nat Cell Biol 2009;11:604–615.

4. Hoeijmakers JH. DNA damage, aging, and
cancer. N Engl J Med 2009;361:1475–1485.

5. Milman S, Huffman DM, Barzilai N. The
somatotropic axis in human aging: frame-
work for the current state of knowledge
and future research. Cell Metab
2016;23:980–989.

6. van der Pluijm I, Garinis GA, Brandt RM,
Gorgels TGF, Wijnhoven SW, Diderich KE,
et al. Impaired genome maintenance sup-
presses the growth hormone--insulin-like
growth factor 1 axis in mice with Cockayne
syndrome. PLoS Biol 2007;5:e2.

7. Rosenberg IH. Sarcopenia: origins and clin-
ical relevance. J Nutr 1997;127:990S–991S.

8. Nair KS. Aging muscle. Am J Clin Nutr
2005;81:953–963.

9. Keller K, Engelhardt M. Strength and mus-
cle mass loss with aging process. Age and
strength loss. Muscles Ligaments Tendons
J 2013;3:346–350.

10. Srikanthan P, Karlamangla AS. Muscle mass
index as a predictor of longevity in older
adults. Am J Med 2014;127:547–553.

11. Kim JH, Cho JJ, Park YS. Relationship be-
tween sarcopenic obesity and cardiovascu-
lar disease risk as estimated by the
Framingham risk score. J Korean Med Sci
2015;30:264–271.

12. Matsakas A, Patel K. Intracellular signalling
pathways regulating the adaptation of skel-
etal muscle to exercise and nutritional
changes. Histol Histopathol 2009;24:
209–222.

13. Velloso CP. Regulation of muscle mass by
growth hormone and IGF-I. Br J Pharmacol
2008;154:557–568.

14. Lach-Trifilieff E, Minetti GC, Sheppard K,
Ibebunjo C, Feige JN, Hartmann S, et al.
An antibody blocking activin type II recep-
tors induces strong skeletal muscle hyper-
trophy and protects from atrophy. Mol
Cell Biol 2014;34:606–618.

15. Relizani K, Mouisel E, Giannesini B, Hourdé
C, Patel K, Gonzalez SM, et al. Blockade of
ActRIIB signaling triggers muscle fatigability
and metabolic myopathy. Mol Ther
2014;22:1423–1433.

16. Lavasani M, Robinson AR, Lu A, Song M,
Feduska JM, Ahani B, et al. Muscle-derived
stem/progenitor cell dysfunction limits
healthspan and lifespan in a murine proge-
ria model. Nat Commun 2012;3:608.

17. Deutz NE, Bauer JM, Barazzoni R, Biolo G,
Boirie Y, Bosy-Westphal A, et al. Protein in-
take and exercise for optimal muscle func-
tion with aging: recommendations from
the ESPEN Expert Group. Clin Nutr
2014;33:929–936.

18. Sijbers AM, de Laat WL, Ariza RR,
Biggerstaff M, Wei YF, Moggs JG, et al.
Xeroderma pigmentosum group F caused
by a defect in a structure-specific DNA re-
pair endonuclease. Cell 1996;86:811–822.

19. Kashiyama K, Nakazawa Y, Pilz DT, Guo C,
Shimada M, Sasaki K, et al. Malfunction of
nuclease ERCC1-XPF results in diverse clini-
cal manifestations and causes Cockayne
syndrome, xeroderma pigmentosum, and
Fanconi anemia. Am J Hum Genet
2013;92:807–819.

20. Dolle ME, Kuiper RV, Roodbergen M,
Robinson J, de Vlugt S, Wijnhoven SW,
et al. Broad segmental progeroid changes
in short-lived Ercc1(�/Delta7) mice.
Pathobiol Aging Age Relat Dis 2011;1.

21. Gregg SQ, Gutiérrez V, Robinson AR,
Woodell T, Nakao A, Ross MA, et al. A
mouse model of accelerated liver aging
caused by a defect in DNA repair.
Hepatology 2012;55:609–621.

22. Vermeij WP, Hoeijmakers JH, Pothof J. Ge-
nome integrity in aging: human syndromes,
mouse models, and therapeutic options.
Annu Rev Pharmacol Toxicol
2016;56:427–445.

23. Vermeij WP, Dollé MT, Reiling E, Jaarsma
D, Payan-Gomez C, Bombardieri CR, et al.
Restricted diet delays accelerated ageing
and genomic stress in DNA-repair-
deficient mice. Nature 2016;537:427–431.

24. von Haehling S, Morley JE, Coats AJ, Anker
SD. Ethical guidelines for publishing in the
journal of cachexia, sarcopenia and muscle:
update 2017. J Cachexia Sarcopenia Muscle
2017;8:1081–1083.

25. Weeda G, Donker I, de Wit J, Morreau H,
Janssens R, Vissers CJ, et al. Disruption of
mouse ERCC1 results in a novel repair syn-
drome with growth failure, nuclear

abnormalities and senescence. Curr Biol
1997;7:427–439.

26. Omairi S, Matsakas A, Degens H, Kretz O,
Hansson KA, Solbrå AV, et al. Enhanced ex-
ercise and regenerative capacity in a
mouse model that violates size constraints
of oxidative muscle fibres. Elife 2016;5.

27. Schmidt EK, Clavarino G, Ceppi M, Pierre P.
SUnSET, a nonradioactive method to mon-
itor protein synthesis. Nat Methods
2009;6:275–277.

28. Matsakas A, Macharia R, Otto A, Elashry
MI, Mouisel E, Romanello V, et al. Exercise
training attenuates the hypermuscular
phenotype and restores skeletal muscle
function in the myostatin null mouse. Exp
Physiol 2012;97:125–140.

29. Otto A, Schmidt C, Luke G, Allen S, Valasek
P, Muntoni F, et al. Canonical Wnt signal-
ling induces satellite-cell proliferation dur-
ing adult skeletal muscle regeneration. J
Cell Sci 2008;121:2939–2950.

30. Cheema N, Herbst A, McKenzie D, Aiken
JM. Apoptosis and necrosis mediate skele-
tal muscle fiber loss in age-induced mito-
chondrial enzymatic abnormalities. Aging
Cell 2015;14:1085–1093.

31. Bindokas VP, Jordan J, Lee CC, Miller RJ. Su-
peroxide production in rat hippocampal
neurons: selective imaging with
hydroethidine. J Neurosci 1996;16:
1324–1336.

32. Li N, Ragheb K, Lawler G, Sturgis J, Rajwa B,
Melendez JA, et al. Mitochondrial complex
I inhibitor rotenone induces apoptosis
through enhancing mitochondrial reactive
oxygen species production. J Biol Chem
2003;278:8516–8525.

33. Frank S, Gaume B, Bergmann-Leitner ES,
Leitner WW, Robert EG, Catez F, et al.
The role of dynamin-related protein 1, a
mediator of mitochondrial fission, in apo-
ptosis. Dev Cell 2001;1:515–525.

34. Terman A, Brunk UT. Myocyte aging and
mitochondrial turnover. Exp Gerontol
2004;39:701–705.

35. Garcia-Prat L, Martínez-Vicente M,
Perdiguero E, Ortet L, Rodríguez-Ubreva J,
Rebollo E, et al. Autophagy maintains
stemness by preventing senescence. Na-
ture 2016;529:37–42.

36. Merkwirth C, Langer T. Prohibitin function
within mitochondria: essential roles for cell
proliferation and cristae morphogenesis.
Biochim Biophys Acta 2009;1793:27–32.

37. Benayoun BA, Pollina EA, Brunet A. Epige-
netic regulation of ageing: linking

684 K. Alyodawi et al.

Journal of Cachexia, Sarcopenia and Muscle 2019; 10: 662–686
DOI: 10.1002/jcsm.12404



environmental inputs to genomic stability.
Nat Rev Mol Cell Biol 2015;16:593–610.

38. Liu B, Wang Z, Zhang L, Ghosh S, Zheng H,
Zhou Z. Depleting the methyltransferase
Suv39h1 improves DNA repair and extends
lifespan in a progeria mouse model. Nat
Commun 2013;4:1868.

39. Ocampo A, Reddy P, Martinez-Redondo P,
Platero-Luengo A, Hatanaka F, Hishida T,
et al. In vivo amelioration of age-associated
hallmarks by partial reprogramming. Cell
2016;167:1719–1733, e12.

40. Rojansky R, Cha MY, Chan DC. Elimination
of paternal mitochondria in mouse em-
bryos occurs through autophagic degrada-
tion dependent on PARKIN and MUL1.
Elife 2016;5.

41. Abbey CK, Borowsky AD, McGoldrick ET,
Gregg JP, Maglione JE, Cardiff RD, et al. In
vivo positron-emission tomography imag-
ing of progression and transformation in a
mouse model of mammary neoplasia. Proc
Natl Acad Sci U S A
2004;101:11438–11443.

42. Wynne HA, Cope LH, Mutch E, Rawlins MD,
Woodhouse KW, James OF. The effect of
age upon liver volume and apparent liver
blood flow in healthy man. Hepatology
1989;9:297–301.

43. Popper H. Aging and the liver. Prog Liver
Dis 1986;8:659–683.

44. McWhir J, Selfridge J, Harrison DJ, Squires
S, Melton DW. Mice with DNA repair gene
(ERCC-1) deficiency have elevated levels of
p53, liver nuclear abnormalities and die be-
fore weaning. Nat Genet 1993;5:217–224.

45. Serste T, Bourgeois N. Ageing and the liver.
Acta Gastroenterol Belg 2006;69:296–298.

46. Petersen KF, Befroy D, Dufour S, Dziura J,
Ariyan C, Rothman DL, et al. Mitochondrial
dysfunction in the elderly: possible role in
insulin resistance. Science 2003;300:
1140–1142.

47. Rogers MA, Evans WJ. Changes in skeletal
muscle with aging: effects of exercise train-
ing. Exerc Sport Sci Rev 1993;21:65–102.

48. Evans W. Functional and metabolic conse-
quences of sarcopenia. J Nutr 1997;127:
998S–1003S.

49. Larsson L, Biral D, Campione M, Schiaffino
S. An age-related type IIB to IIX myosin
heavy chain switching in rat skeletal mus-
cle. Acta Physiol Scand 1993;147:227–234.

50. Holloszy JO, Chen M, Cartee GD, Young
JC. Skeletal muscle atrophy in old rats:
differential changes in the three fiber
types. Mech Ageing Dev 1991;60:
199–213.

51. Faber RM, Hall JK, Chamberlain JS, Banks
GB. Myofiber branching rather than
myofiber hyperplasia contributes to muscle
hypertrophy in mdx mice. Skelet Muscle
2014;4:10.

52. Powers SK, Wiggs MP, Duarte JA,
Zergeroglu AM, Demirel HA. Mitochondrial
signaling contributes to disuse muscle atro-
phy. Am J Physiol Endocrinol Metab
2012;303:E31–E39.

53. Diaz G, Liu S, Isola R, Diana A, Falchi AM.
Mitochondrial localization of reactive oxy-
gen species by dihydrofluorescein probes.
Histochem Cell Biol 2003;120:319–325.

54. Sandri M, Sandri C, Gilbert A, Skurk C, Cala-
bria E, Picard A, et al. Foxo transcription
factors induce the atrophy-related ubiqui-
tin ligase atrogin-1 and cause skeletal mus-
cle atrophy. Cell 2004;117:399–412.

55. Sandri M. Protein breakdown in muscle
wasting: role of autophagy-lysosome and
ubiquitin-proteasome. Int J Biochem Cell
Biol 2013;45:2121–2129.

56. Bonaldo P, Sandri M. Cellular and molecu-
lar mechanisms of muscle atrophy. Dis
Model Mech 2013;6:25–39.

57. Brzeszczynska J, Meyer A, McGregor R,
Schilb A, Degen S, Tadini V, et al. Alter-
ations in the in vitro and in vivo
regulation of muscle regeneration in
healthy ageing and the influence of
sarcopenia. J Cachexia Sarcopenia Muscle
2018;9:93–105.

58. Amthor H, Macharia R, Navarrete R,
Schuelke M, Brown SC, Otto A, et al. Lack
of myostatin results in excessive muscle
growth but impaired force generation. Proc
Natl Acad Sci U S A 2007;104:1835–1840.

59. Collins-Hooper H, Sartori R, Macharia R,
Visanuvimol K, Foster K, Matsakas A, et al.
Propeptide-mediated inhibition of
myostatin increases muscle mass through
inhibiting proteolytic pathways in aged
mice. J Gerontol A Biol Sci Med Sci
2014;69:1049–1059.

60. Nishio ML, Madapallimattam AG,
Jeejeebhoy KN. Comparison of six methods
for force normalization in muscles from
malnourished rats. Med Sci Sports Exerc
1992;24:259–264.

61. Schwaller B, Dick J, Dhoot G, Carroll S,
Vrbova G, Nicotera P, et al. Prolonged
contraction-relaxation cycle of fast-twitch
muscles in parvalbumin knockout mice.
Am J Physiol 1999;276:C395–C403.

62. Haynes CM, Ron D. The mitochondrial UPR
—protecting organelle protein homeosta-
sis. J Cell Sci 2010;123:3849–3855.

63. Andersson DC, Betzenhauser MJ, Reiken S,
Meli AC, Umanskaya A, Xie W, et al.
Ryanodine receptor oxidation causes intra-
cellular calcium leak and muscle weakness
in aging. Cell Metab 2011;14:196–207.

64. Chen Y, Wei H, Liu F, Guan JL. Hyperacti-
vation of mammalian target of rapamycin
complex 1 (mTORC1) promotes breast
cancer progression through enhancing glu-
cose starvation-induced autophagy and
Akt signaling. J Biol Chem 2014;289:
1164–1173.

65. McCubrey JA, Steelman LS, Chappell WH,
Abrams SL, Wong EW, Chang F, et al. Roles
of the Raf/MEK/ERK pathway in cell
growth, malignant transformation and
drug resistance. Biochim Biophys Acta
2007;1773:1263–1284.

66. Steelman LS, Chappell WH, Abrams SL,
Kempf CR, Long J, Laidler P, et al. Roles of
the Raf/MEK/ERK and PI3K/PTEN/Akt/
mTOR pathways in controlling growth and
sensitivity to therapy-implications for can-
cer and aging. Aging (Albany NY)
2011;3:192–222.

67. Mauro A. Satellite cell of skeletal muscle
fibers. J Biophys Biochem Cytol 1961;9:
493–495.

68. Zammit PS, Relaix F, Nagata Y, Ruiz AP,
Collins CA, Partridge TA, et al. Pax7 and
myogenic progression in skeletal muscle
satellite cells. J Cell Sci 2006;119:
1824–1832.

69. Lepper C, Conway SJ, Fan CM. Adult satel-
lite cells and embryonic muscle progenitors
have distinct genetic requirements. Nature
2009;460:627–631.

70. Amthor H, Otto A, Vulin A, Rochat A,
Dumonceaux J, Garcia L, et al. Muscle hy-
pertrophy driven by myostatin blockade
does not require stem/precursor-cell activ-
ity. Proc Natl Acad Sci U S A
2009;106:7479–7484.

71. Baghdadi MB, Castel D, Machado L, Fukada
SI, Birk DE, Relaix F, et al. Reciprocal signal-
ling by Notch-Collagen V-CALCR retains
muscle stem cells in their niche. Nature
2018;557:714–718.

72. May CJ, Saleem M, Welsh GI. Podocyte de-
differentiation: a specialized process for a
specialized cell. Front Endocrinol (Lau-
sanne) 2014;5:148.

73. Perez Aguilar RC, Honoré SM, Genta SB,
Sánchez SS. Hepatic fibrogenesis and
transforming growth factor/Smad signaling
activation in rats chronically exposed to
low doses of lead. J Appl Toxicol
2014;34:1320–1331.

74. Panizo N, Rubio-Navarro A, Amaro-
Villalobos JM, Egido J, Moreno JA. Molecu-
lar mechanisms and novel therapeutic ap-
proaches to rhabdomyolysis-induced
acute kidney injury. Kidney Blood Press
Res 2015;40:520–532.

75. Coats AJ. The ‘muscle hypothesis’ of
chronic heart failure. J Mol Cell Cardiol
1996;28:2255–2262.

76. Piepoli MF, Kaczmarek A, Francis DP,
Davies LC, Rauchhaus M, Jankowska EA,
et al. Reduced peripheral skeletal muscle
mass and abnormal reflex physiology in
chronic heart failure. Circulation
2006;114:126–134.

77. Belli JF, Bacal F, Bocchi EA, Guimarães GV.
Ergoreflex activity in heart failure. Arq Bras
Cardiol 2011;97:171–178.

78. Pedersen BK, Febbraio MA. Muscles, exer-
cise and obesity: skeletal muscle as a secre-
tory organ. Nat Rev Endocrinol
2012;8:457–465.

79. Nissinen TA, Hentilä J, Penna F, Lampinen
A, Lautaoja JH, Fachada V, et al. Treating
cachexia using soluble ACVR2B improves
survival, alters mTOR localization, and at-
tenuates liver and spleen responses. J Ca-
chexia Sarcopenia Muscle 2018;9:514–529.

80. Golan T, Geva R, Richards D, Madhusudan
S, Lin BK, Wang HT, et al. LY2495655, an
antimyostatin antibody, in pancreatic can-
cer: a randomized, phase 2 trial. J Cachexia
Sarcopenia Muscle 2018;9:871–879.

81. Saitoh M, Ishida J, Ebner N, Anker SD,
Springer J, von Haehling S. Myostatin
inhibitors as pharmacological treatment for
muscle wasting and muscular dystrophy.
J Cachexia, Sarcopenia Muscle - Clinic Rep
2017;2:10.

82. Meneses C, Morales MG, Abrigo J, Simon F,
Brandan E, Cabello-Verrugio C. The
angiotensin-(1-7)/Mas axis reduces

Myostatin signalling compresses morbidity 685

Journal of Cachexia, Sarcopenia and Muscle 2019; 10: 662–686
DOI: 10.1002/jcsm.12404



myonuclear apoptosis during recovery
from angiotensin II-induced skeletal muscle
atrophy in mice. Pflugers Arch
2015;467:1975–1984.

83. Morales MG, Cabrera D, Céspedes C, Vio
CP, Vazquez Y, Brandan E, et al. Inhibition
of the angiotensin-converting enzyme de-
creases skeletal muscle fibrosis in dystro-
phic mice by a diminution in the
expression and activity of connective tissue
growth factor (CTGF/CCN-2). Cell Tissue
Res 2013;353:173–187.

84. Takeshita H, Yamamoto K, Nozato S,
Takeda M, Fukada SI, Inagaki T, et al.

Angiotensin-converting enzyme 2 defi-
ciency accelerates and angiotensin 1-7 re-
stores age-related muscle weakness in
mice. J Cachexia Sarcopenia Muscle
2018;9:975–986.

85. Pinkston JM, Garigan D, Hansen M, Kenyon
C. Mutations that increase the life span of
C. elegans inhibit tumor growth. Science
2006;313:971–975.

86. Hinkal G, Donehower LA. How does sup-
pression of IGF-1 signaling by DNA damage
affect aging and longevity? Mech Ageing
Dev 2008;129:243–253.

87. Guarente L, Kenyon C. Genetic pathways
that regulate ageing in model organisms.
Nature 2000;408:255–262.

88. Fontana L, Partridge L, Longo VD. Extend-
ing healthy life span—from yeast to
humans. Science 2010;328:321–326.

89. Fries JF. Aging, natural death, and the com-
pression of morbidity. N Engl J Med
1980;303:130–135.

90. Dong X, Milholland B, Vijg J. Evidence for a
limit to human lifespan. Nature
2016;538:257–259.

686 K. Alyodawi et al.

Journal of Cachexia, Sarcopenia and Muscle 2019; 10: 662–686
DOI: 10.1002/jcsm.12404


	all corrected.pdf
	Alyodawi_et_al-2019-Journal_of_Cachexia,_Sarcopenia_and_Muscle.pdf
	11th UK Neuromuscular Translational.pdf
	Neuromuscular Disorders.pdf



